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Abstract
New Roles for Small Noncoding RNAs in Germline Development:
Maternal Piwi and piRNAs Specifically Protect the Fertility of Female Progeny
Lauren E Gonzalez
2021
The long-term survival of a species depends on the integrity of its genetic
material and the inheritance of that genetic material across generations. In sexuallyreproducing organisms, these processes are carried out by the germline: the tissue that
produces eggs in females or sperm in males. PIWI proteins and their associated small
noncoding piRNAs have been well-characterized for their roles in protecting genome
integrity in the germline and promoting the self-renewal of germline stem cells, which
support the continual production of eggs or sperm. In Drosophila, maternally-expressed
PIWI proteins and piRNAs are also enriched in the germ plasm, the posterior region of
the oocyte which is densely packed with proteins and mRNAs that direct the initial steps
of germline development during embryogenesis. However, the role of Piwi – the
founding member of the PIWI protein family – in embryonic germline development is not
well understood, in part because of the severe and varied defects of piwi-null mutants.
In this dissertation, I explore the role of maternal Piwi and piRNAs in the germline
development of progeny beyond early embryogenesis. Piwi localizes to the germ plasm
and is inherited by the embryonic germline, and I show that the maternal Piwi protein
persists in primordial germ cells through the end of embryogenesis and to some larval
stages. This expression pattern opens the possibility that maternal Piwi can regulate
germline development beyond its previously-described roles in early embryogenesis.
Strikingly, when the levels of maternal Piwi deposited into the early embryo were
i

reduced, the fertility and normal gonad morphology of female, but not male, progeny was
impaired. This phenotype does not appear to be related to Piwi’s well-studied role in
transposon suppression; a few transposons were mildly derepressed in the early
embryo, but transposons were fully repressed in the ovaries of adult progeny following
maternal Piwi depletion. Instead, the female-specific fertility defect appears to be caused
by a loss of maternally-deposited piRNAs and subsequent masculinization of the female
germline in the absence of maternal Piwi. I propose that maternal Piwi ensures the
fertility of female progeny by repressing the expression of male germline genes in the
female germline.
Together, these results reveal a previously unexplored role for the maternal
PIWI/piRNA pathway in the germline development of female progeny and suggests that
the PIWI/piRNA pathway may be involved in germline sex determination. This longranging maternal effect is striking in comparison to the vast majority of maternal-effect
genes whose functions have mainly been studied in the early embryo. The genetic
approaches I leveraged to investigate the longevity of maternal Piwi and its roles in
progeny development will not only further our understanding of the PIWI/piRNA pathway,
but can also be extended to reveal new developmental roles for other maternal factors
far beyond early embryogenesis.
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Chapter 1: Introduction

The germline – the tissue that produces eggs in females or sperm in males – is
required for the propagation of sexually-reproducing species across generations.
Because the germline contributes genetic and epigenetic material to progeny, it can be
considered immortal. Indeed, the cycle of the germline is continuous: in many animals,
germline stem cells (GSCs) produce eggs or sperm (“gametes”), and following the
fertilization of the egg by sperm, select cells of the developing embryo become
primordial germ cells (PGCs), which will later develop into GSCs to begin the cycle anew
(Fig 1.1). Although the details of reproductive strategies, gonad morphology, and
germline development differ among species, many principles and core genes in these
processes are shared among animals. For example, RNA-based regulation – both
noncoding RNAs as regulators and post-transcriptional regulation of mRNAs – is a key
feature in the germlines of many animals. This dissertation focuses on the role of small
noncoding RNAs in the germline development of the fruit fly Drosophila melanogaster,
which has been a paradigmatic model organism for the study of germline development
for over a century.

oma
amete

oma

mbryo

amete

P

eneration 1

oma

eneration

eneration

Figure 1.1 Germline development is a continuous cycle across generations.
GSC = germline stem cells; PGC = primordial germ cells.
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Germline development in Drosophila melanogaster
In Drosophila, gametes are produced continually throughout adulthood by GSCs
undergoing asymmetric cell divisions which each produce one self-renewed GSC and
one daughter cell destined for differentiation. These GSCs maintain the ability to selfrenew and differentiate by direct contact and signaling from somatic cells in their
microenvironment, called the “niche.” In the testis, the niche is located at the anterior tip
and is composed of 10-15 terminally differentiated somatic cells which support 6-12
GSCs. The daughter of GSCs that will differentiate is called a gonialblast and will
undergo several rounds of mitotic and meiotic divisions with incomplete cytokinesis to
produce 64 interconnected haploid spermatids (reviewed by Davies & Fuller1). The
sperm will contribute half of the genetic material to the early embryo and, in Drosophila,
little else.

Oogenesis in Drosophila
The Drosophila oocyte, in contrast, will contribute genetic material as well as
proteins and RNAs that will drive early embryonic development. Although the end results
differ, the production of a Drosophila oocyte begins in a remarkably similar way to the
production of a Drosophila sperm. GSCs and their niche (composed to terminal filament,
cap, and escort cells) sit at the anterior tip of the ovariole (Fig 1.2), the functional unit of
the ovary2. Each of the 2-3 GSCs in the niche divide asymmetrically to produce one selfrenewed GSC and one cystoblast, which will differentiate. The niche directly contacts the
GSCs and engages in several signaling pathways with GSCs to repress differentiation
factors like bam3-6. Because the cystoblast is displaced posterior to the GSC niche, it
experiences decreased signaling from the niche cells, resulting in a derepression of bam
and differentiation3, 7, 8. The cystoblast then undergoes four rounds of mitotic division with
2

incomplete cytokinesis to produce a cyst of 16 interconnected germline cells. One of
these will be specified as the oocyte, while the other 15 will be polyploid nurse cells that
produce RNA, proteins, and mitochondria for transport to the developing oocyte.
Each ovary is composed of 15-20 ovarioles, which include an anterior structure
called the germarium (composed of GSCs, cystoblasts, early germline cysts, and
supporting somatic cells) and a string of progressively more mature egg chambers from
the anterior to the posterior (Fig 1.2). Each egg chamber contains 15 nurse cells and
one oocyte, still interconnected by cytoplasmic bridges, enveloped by a monolayer of
somatic follicle cells. The nurse cells endoreplicate to become extremely polyploid and
produce large quantities of mRNAs and proteins for transport into the growing oocyte;
this transport occurs first gradually by directional transport through the cytoplasmic
bridges9, 10, then rapidly when nurse cells “dump” their remaining contents into the
oocyte starting in late oogenesis11. Throughout oogenesis, follicle cells communicate
with germline cells using a variety of signaling pathways to direct both nurse cell and
oocyte development (reviewed by Antel & Inaba12) and produce the yolk proteins that will
serve as nutrients for the oocyte13. At the end of oogenesis, the nurse cells undergo
apoptosis and are engulfed by follicle cells14, 15, which are later themselves engulfed by
epithelial cells of the oviduct16. Together, these processes result in mature eggs which
can be fertilized by sperm and contain all the necessary components for the early phase
of embryogenesis.

3

Figure 1.2 The germline development cycle in Drosophila melanogaster.
A schematic overview of the major steps of Drosophila germline development in the adult ovary
(the ovariole is the functional unit of the adult ovary) and during embryogenesis. Larval and pupal
stages of germline development are not pictured. Compass in the upper left indicates the Dorsal
(D), Ventral (V), Anterior (A), and Posterior (P) axes. Germ cells at each stage are indicated in
blue.

There are two major checkpoints during oogenesis that ensure the fidelity of
oocyte development. The first occurs in the germarium, when the oocyte enters meiotic
prophase and programmed double-stranded DNA breaks form17. If those DSBs are not
repaired by the end of meiosis – because of mutations in DNA repair pathway genes or
the accumulation of excess DNA damage – the meiotic checkpoint is activated18, 19.
Meiotic checkpoint activation leads to a failure of dorsal-ventral axis determination
(discussed below), and therefore results in eggs which cannot progress through
embryogenesis19. The second checkpoint takes place at mid-oogenesis and can be
caused by a wide variety of developmental defects or poor environmental conditions
(reviewed by McCall20). When this mid-oogenesis checkpoint is activated, nurse cells
and the oocyte undergo apoptosis and are engulfed by follicle cells14, 21, 22. Thus, both
the meiotic checkpoint and the mid-oogenesis checkpoint prevent eggs with mutations,
4

developmental defects, or nutrient deprivation from contributing to the gene pool in the
next generation.
The proper development of the future embryo is also established during
oogenesis by the asymmetric localization of mRNAs and proteins which will direct the
formation of the anterior-posterior and dorsal-ventral axes in the early embryo. The
gurken mRNA is the foundational “axis determination mRNA” (reviewed by Merkle et
al23). In early oogenesis, gurken is localized to the posterior of the oocyte, where it is
translated into the Gurken protein which signals to the EGF receptor in adjacent follicle
cells to specify their posterior follicle cell fate. This EGFR signaling triggers results in the
accumulation of the oskar mRNA (discussed below) at the oocyte posterior, which
ultimately determines the anterior-posterior axis24, 25. Later in oogenesis, gurken
accumulates in the dorsal-ventral corner of the oocyte and activates the EGF receptors
in adjacent follicle cells to establish the dorsal-ventral axis26. These actions of gurken
ultimately result in the asymmetric distribution of several mRNAs and proteins
throughout the oocyte and embryo, such that the cells that form in different regions of
the embryo inherit different levels of these mRNAs and proteins and therefore take on
different fates.
The other key patterning process in the oocyte is the formation of a specialized
cytoplasm called the “germ plasm,” which is densely packed with proteins and RNAs
required for germline specification and development during embryogenesis (Fig 1.2).
The formation of the germ plasm is a layered, multi-step process which depends on
oskar (reviewed by Lehmann27). The oskar mRNA is synthesized in nurse cells during
early- and mid-oogenesis, and is actively transported to the posterior of the developing
oocyte along a directional microtubule network28-30. The posterior localization of oskar
mRNA has been attributed to several sequence elements31-34 and partner RNA-binding
proteins35-40. During these localization phases, the oskar mRNA is translationally
5

repressed by Bruno41 until its translation is licensed at the oocyte posterior42, 43. The
Oskar protein has been proposed to trap more oskar mRNA and additional germ plasm
mRNAs as they stream through the oocyte cytoplasm in late oogenesis44, 45. The germ
plasm-localized mRNAs themselves can also trap other germline determinant mRNAs by
base-pairing and forming homotypic clusters46-48. The enrichment of germ plasm mRNAs
at the posterior is further refined during embryogenesis through the selective decay of
those mRNAs in the embryo soma49, 50. Approximately 200 maternal mRNAs are
recruited to the germ plasm by these mechanisms51, 52 and they are organized into “germ
granules” which are phase-separated from the rest of the cytoplasm53. The localization
of oskar and formation of the germ plasm has been extensively studied for decades as
examples of mRNA localization as well as a model for one of the major modes by which
animals specify PGCs (reviewed by Gao & Arkov54).

Germline development in embryogenesis
Because of this posterior concentration of germline determinant mRNAs and
proteins, PGCs form at the posterior of the embryo during the first 1.5 hours of
embryogenesis55 (Fig 1.2). This phase is driven entirely by maternal factors. At the onset
of PGC cellularization, select germ plasm mRNAs are licensed for translation 50; these
include GCL, which functionally separates PGCs from the soma by promoting the
constriction of the basal membrane at PGCs56, 57, and the PGC protein, which maintains
transcriptional quiescence58-60. PGCs remain transcriptionally quiescent until four hours
after egg laying – three hours after zygotic transcription has commenced in the somatic
cells of the embryo61, 62. After cellularization, PGCs stop dividing63 and are fully
committed to the germline fate64.
Shortly after gastrulation, maternal proteins in PGCs continue to silence somatic
genes65, 66, while also licensing the transcription of germline zygotic genes61, 67. These
6

include many genes required for PGC migration and gonad formation68. PGC migration
to the embryonic gonad occurs in two phases: passively being pulled into the embryo
interior during germ band extension and actively migrating towards the gonadal
mesoderm69, 70. Both of these steps are regulated by intrinsic zygotic and maternal
factors in the PGCs71-73, as well as signaling from surrounding somatic cells. While
crossing through the midgut epithelium, intercellular gaps between PGCs and somatic
cells are essential for the active stage of PGC migration68, 74-76. After crossing the midgut,
PGCs split into two groups and migrate towards somatic gonadal precursors (SGPs).
This migration step is mediated by the HMGCoAR reductase, which is produced by
SGPs and attracts PGCs to move towards them by unknown mechanisms70, 77. Once the
two embryonic gonads have coalesced, SGPs continue directing PGC development in
late embryonic and early larval stages78, 79. Somatic gonadal cells will continue to
support the development and maintenance of germ cells throughout the lifetime of the fly
(reviewed by Jemc80).
Sex-specific gene expression is first detectable in PGCs at gonad coalescence79,
81, 82

. At this stage, male and female embryonic gonads also begin to subtly differ in PGC

numbers: slightly more PGCs are incorporated into the male gonad63, and male PGCs
begin to proliferate immediately after gonad coalescence, while female PGCs do not63, 81,
83

. Like in the soma, Sex-lethal is required cell-intrinsically for specification of the female

PGC fate84, via the “counting” of the ratio of X chromosomes to autosomes85. Sex-lethal
achieves this using different downstream genes than it does in the soma85-88, indicating
that somatic and germline sex determination differ mechanistically. However, proper sex
determination in the soma, and particularly in SGPs, is crucial for germline sex
determination81, 88-92. In particular, the JAK/STAT ligand upd is only expressed in male
SGPs, and JAK/STAT signaling in the male embryonic gonad triggers male-specific
expression and proliferation patterns81. There is also a population of male-specific SGPs
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(msSGPs), which are selectively lost in females93 and eventually give rise to the terminal
epithelium of the testis in males94. Thus, by the end of embryogenesis, the embryonic
gonads are sexually dimorphic in PGC proliferation and number, as well as SGP gene
expression and number.
In both males and females, a subset of the PGCs in the embryonic gonad will
become GSCs. The GSC niche forms at the end of embryogenesis in males when a
group of anterior SGPs express several markers of the adult

niche (“hub”) and

contact a subset of PGCs95, 96. Spermatogenesis begins during late larval stages
(reviewed by Fuller97). The female GSC niche also starts to be established in the
embryonic gonad98, and is fully formed during ovary morphogenesis beginning in later
larval stages99, 100. Oogenesis commences during pupal stages (reviewed by
Spradling101). As discussed above, both male and female GSCs continually produce
gametes throughout adulthood to continue the cycle for another generation.
The stages of this transgenerational cycle of germline development are not only
temporally connected, but also re-purpose key genes and mechanisms. For example,
many genes required for GSC self-renewal in adult gonads also prevent PGC
differentiation in embryogenesis102. Similarly, the PIWI/piRNA pathway (discussed
below) is expressed in the germline throughout the lifetime of the fly and contributes to
GSC self-renewal and differentiation, PGC specification, and genome maintenance of
germ cells.

The PIWI/piRNA pathway in the adult germline
The PIWI/AGO protein family, comprised of PIWI proteins and Argonaute (AGO)
proteins, is highly conserved and has well-described roles in small noncoding RNAbased silencing pathways. Unlike the ubiquitously-expressed AGO proteins, PIWI
proteins usually have highly germline-enriched expression patterns and mainly function
8

in gonad development and fertility. In fact, the founding member of the PIWI protein
subfamily (Fig 1.3), Drosophila Piwi, was discovered as a factor required for the selfrenewal of ovarian GSCs103-105. Piwi has since been shown to act in the GSC niche to
promote GSC self-renewal105, 106, in escort cells to promote GSC differentiation107, 108,
and in somatic cells of the larval gonad to promote intermingling between somatic and
germline cells107, 109. Piwi and the other two PIWI proteins in Drosophila, Aubergine (Aub)
and Ago3, are required for both male and female fertility103, 104, 110-112, and their
expression is highly enriched in the ovary and testis. While Piwi is expressed in both
somatic and germline cells of the ovary and testis105, 113, Aub and Ago3 are restricted to
germline cells111, 113-115. In addition to Drosophila, the PIWI/piRNA pathway’s functions in
fertility have been best-studied in male mice116-119 and C. elegans104, 120, 121. This
dissertation focuses on the PIWI/piRNA pathway in Drosophila, but draws on
transferrable knowledge about PIWI proteins and piRNAs from other organisms.

Figure 1.3 The PIWI protein family in Drosophila melanogaster.
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PIWI proteins function with their associated small noncoding PIWI-interacting
RNAs (piRNAs)113, 122-125, which guide PIWI proteins to target genes by base-pairing in a
mechanism analogous to that by which miRNAs and siRNAs guide AGO proteins to
target mRNAs. However, piRNAs are longer than miRNAs and siRNAs and are more
diverse than any known class of small RNA: in Drosophila, piRNAs are 23-30
nucleotides long and there have been over 41 million unique piRNA sequences
recorded126. Like miRNAs, piRNAs can bind target RNAs with imperfect
complementarity127-130, further expanding the potential regulatory reach of the
PIWI/piRNA complex to a large swath of the transcriptome131-133. “Primary piRNAs,”
which can be found in both somatic and germline Drosophila cells111, 134, are generated
from long single-stranded piRNA precursor transcripts expressed from “piRNA cluster”
genes113 or from the ′UTRs of coding genes109, 135. Piwi is the partner PIWI protein of
these primary piRNAs, and is also required for their biogenesis beginning in embryonic
stages136-138. “ econdary piRNAs,” which are generated from the PIWI/piRNA targets
themselves, instead require Aub and Ago3, and therefore are only made in Drosophila
germ cells111, 134, 139. Aub and Piwi are the partner PIWI proteins of secondary piRNAs139.
The mechanisms by which transcripts are identified as piRNA precursors and then
processed into piRNAs with the correct size and modifications have been extensively
characterized (reviewed by Czech & Hannon140; Sato & Siomi140, 141), but the
mechanisms by which transcripts are identified as PIWI/piRNA targets for gene
regulation are somewhat less well-defined.
The target and function of a particular piRNA depends largely on the localization
of its partner PIWI protein: the cytoplasm (Aub and Ago3) or the nucleus (Piwi).
Cytoplasmic PIWI proteins are mainly concentrated in membraneless organelles called
nuage in Drosophila germline cells134, 142 or Yb bodies in Drosophila somatic cells143, 144.
The nuage and Yb bodies are also the major sites of piRNA biogenesis (reviewed by
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Hirakata & Siomi145). Once bound to target mRNAs, cytoplasmic PIWI proteins use their
endonuclease activity to slice, and therefore trigger the degradation of, those mRNAs115,
146-149

. In contrast, the piRNAs associated with nuclear PIWI proteins guide them to

regulate gene expression at the epigenetic level. There are two models for how nuclear
PIWI proteins and piRNAs bind target genes: binding to nascent transcripts (the major
mode)150 and binding directly to DNA (in about a dozen cases)151. Drosophila Piwi
associates broadly with many genomic regions152, 153 but mainly binds heterochromatin
154

. Once associated with a target gene, nuclear PIWI proteins usually recruit factors that

deposit repressive epigenetic marks – H3K9me2 or H3K9me3 in Drosophila151, 155-157 and
DNA methylation in mouse158-160 – around that gene. Both the transcriptional and posttranscriptional mechanisms of PIWI/piRNA action generally repress gene expression,
but in some cases PIWI/piRNA can also activate gene expression161-165.

The PIWI/piRNA pathway and transposon control
In the Drosophila ovary, approximately 70% of piRNAs are complementary to
transposon sequences147, 166, which has led the field to primarily focus on the
PIWI/piRNA pathway’s role in transposon suppression (reviewed by Parhad &
Theurkauf167). Transposons are mobile genetic elements that cause DNA damage and
mutations by inserting themselves into novel locations in the genome in a process called
transposition. Transposition can be very harmful for any cell type (reviewed by Hedges &
Deininger168), but is especially damaging for germ cells because mutations in gametes
will be inherited by progeny. Transposons can exploit a variety of the host’s cellular
processes to enhance their propagation to the next generation. Some classes of
transposons expressed in Drosophila nurse cells mimic germ plasm determinants so that
they will be localized to the oocyte posterior and preferentially inherited by PGCs169, 170,
causing DNA damage in embryos170, 171. Other classes of transposons are only
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expressed in the somatic follicle cells of the ovary but create viral-like particles that
“infect” germline cells so they can be incorporated into the oocyte genome172. To
counteract these attempts by transposons to propagate themselves across the genome
and across generations, piRNA clusters “trap” fragments of transposon sequences so
that piRNAs that target those transposons are generated173-175. PIWI proteins are then
guided to bind the nascent or mature RNAs of transposons, and using the mechanisms
described above, suppress those transposons either at the transcriptional level or at the
post-transcriptional level.
When the PIWI/piRNA pathway is strongly disrupted, the RNA levels of dozens of
transposons are increased by several orders of magnitude176-178. The increased
transposon RNA levels in PIWI/piRNA pathway mutants can lead to de novo transposon
insertion events inherited across generations179, 180. Within one generation, disruptions to
the PIWI/piRNA pathway typically result in an accumulation of DNA damage in ovarian
cells181, presumably caused by transposition. This increased DNA damage in
PIWI/piRNA pathway mutant ovaries triggers the activation of the meiotic checkpoint,
resulting in a failure of gurken to be properly asymmetrically localized during oogenesis,
and ultimately causing embryos laid by such females to arrest early in development181183

. Even when the meiotic checkpoint is circumvented, transposon derepression

nevertheless causes DNA damage and arrested development in progeny embryos170.
The increased abundance of transposon RNA can also directly disrupt developmental
processes in the absence of transposition. For example, in the GSC niche, transposons
derepressed as a result of Piwi loss or aging create viral-like particles which activate Toll
signaling, ultimately triggering GSCs to detach from the niche and fail to self-renew184.
Thus, DNA damage, failure of axis determination, and the accumulation of harmful
transposon RNA at least partially explain why PIWI/piRNA pathway mutants are sterile.
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Because mutations in the PIWI/piRNA pathway cause such a dramatic
derepression of genetic elements that are known to be deleterious, the developmental
defects of PIWI/piRNA pathway mutants (such as GSC loss and sterility) are usually
entirely attributed to transposon derepression. However, a causal link between the
phenotypes of PIWI/piRNA pathway mutants and transposon derepression has only
been shown in a handful of cases184, 185, and in some cases these effects are known to
be separable186.

The PIWI/piRNA pathway’s regulation of non-transposon genes
The PIWI/piRNA pathway can also directly target and regulate non-transposon
genes, which provides an alternative mechanism by which it can regulate cellular and
developmental processes. This regulation of non-transposon genes by the PIWI/piRNA
pathway is best understood in organisms where the majority of piRNAs are not
complementary to transposons, especially mouse and C. elegans. In the mouse testis,
PIWI proteins and piRNAs contribute to the degradation of a wide variety of both coding
mRNAs127, 148, 187 and long noncoding RNAs146, 149 at various stages of spermatogenesis.
Mouse testis piRNAs have also been associated with mRNA stabilization188 and
translation189, 190. In C. elegans, the PIWI/piRNA pathway targets virtually all mRNAs
expressed in the germline129 to induce transgenerational epigenetic silencing of
endogenous non-germline genes and exogenous genes191, 192 and to protect germline
genes from such silencing193, 194. PIWI proteins in various organisms also regulate the
expression of non-transposon genes in somatic tissues, including the nervous system of
Aplysia195, somatic stem cells in Hydra196 and planaria197-199, and early B. mori and A.
aegypti embryos130, 200. In some ways, the perceived focus of the Drosophila PIWI/piRNA
pathway, and especially the PIWI/piRNA pathway in the Drosophila female germline, on
transposon suppression may be an anomaly. But even in Drosophila, there is a growing
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understanding that PIWI proteins regulate non-transposon genes throughout
development.
In fact, the main role of the PIWI/piRNA pathway in the Drosophila testis appears
to be in regulating non-transposon genes, as opposed to repressing transposition110, 201,
202

. The role of the PIWI/piRNA pathway in regulating non-transposon genes in the

Drosophila testis was initially understood for Stellate. Stellate genes exists in tandem
copies along the X chromosome, and are silenced by piRNAs mostly associated with
Aub and derived from the Suppressor of Stellate (Su(Ste)) locus on the Y
chromosome115, 166, 203, 204. In the absence of Su(Ste) piRNAs or a functioning
PIWI/piRNA pathway, Stellate becomes derepressed, forming crystalline aggregates of
the Stellate protein in spermatocytes and causing severe meiotic defects and sterility111,
182, 203, 205-208

. Because Stellate has no known normal function in any fly tissue, and

neither Stellate nor Su(Ste) piRNAs are conserved in other Drosophila species, it has
been hypothesized that these genes exist to enforce reproductive isolation (reviewed by
Adashev et al209). Su(Ste) piRNAs comprise approximately 40% of all piRNAs in the
testis201, 210, indicating that Stellate is the major target of the PIWI/piRNA pathway in the
male germline. The next most abundant group of piRNAs in the testis are derived from
the AT-chX locus and are imperfectly complementary to vasa, a conserved gene that is
required in the germlines of all animals115. AT-chX piRNAs only mildly repress vasa in
the D. melanogaster testis, but more strongly repress vasa from D. mauritiana in sterile
interspecies hybrids210, suggesting that AT-chX piRNAs are also involved in maintaining
D. melanogaster reproductive isolation. In addition, PIWI proteins and piRNAs can also
regulate the normal function of developmental genes in the Drosophila testis. For
example, Piwi and piRNAs repress Fas3, a cell adhesion molecule normally restricted to
Hub cells, to prevent its ectopic expression in somatic cyst cells110. This mechanism, and

14

perhaps Piwi’s regulation of other genes during spermatogenesis, likely contribute to
Piwi’s critical function in the self-renewal of somatic stem cells in the male GSC niche110.
The PIWI/piRNA pathway’s role in the female GSC niche has also been linked to
the regulation of non-transposon genes (Fig 1.4). Piwi in somatic cells of the GSC niche
supports GSC self-renewal104 in part by repressing transposons184 and in part by
repressing the transcription factor c-Fos211. Piwi appears to repress c-Fos by triggering
the production of its ′UTR into piRNAs211, effectively promoting its degradation. A
similar mechanism has also been described for Piwi’s repression of traffic jam in ovarian
somatic cells, where the degradation of traffic jam promotes the intermingling of somatic
and germline cells in larval ovaries109, 135. In fact, the ′UTRs of many genes are
processed into piRNAs in ovarian somatic cells135. The generation of these “genic
piRNAs” contributes to the down-regulation of their host mRNAs, which has
developmental consequences at least in the cases of c-Fos and traffic jam. These genic
piRNAs may also be later bound by PIWI proteins and trigger the targeting of other
mRNAs. In addition to these post-transcriptional mechanisms of gene regulation, Piwi in
ovarian somatic cells can also broadly regulate gene expression at the transcriptional
level by sequestering Polycomb Group Proteins (PRC2) and thereby preventing the
deposition of repressive H3K27me3 marks on hundreds of genes151. Piwi is also widely
expressed in ovarian germline cells105, 113, but mechanistic studies into Piwi’s target
genes in germ cells have so far been lacking.
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Figure 1.4 PIWI proteins’ roles in regulating non-transposon genes in the Drosophila
female germline.
A schematic overview of the major steps of Drosophila female germline development (refer to Fig
1.2 for details about the major events in each step) and known roles for the PIWI proteins Piwi
and Aub in regulating non-transposon genes. The third Drosophila PIWI protein, Ago3, is mainly
involved in piRNA biogenesis.

Unlike Piwi, Aub is only expressed in germline cells113, where it has also been
shown to mediate GSC self-renewal by binding and regulating non-transposon genes
both in GSCs and cystoblasts. Aub promotes GSC self-renewal at least in part by
repressing translation of the proto-oncogene Cbl212 and promoting the expression of
dunce and Rm62165, 212 in GSCs. Aub represses Cbl translation by recruiting the CCR4NOT complex to the Cbl mRNA212, a mechanism which resembles the one Aub uses to
regulate maternal mRNAs during early embryogenesis132, 213. Aub also associates with
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translation initiation factors, which may explain how it promotes the expression of dunce
and Rm62165. In addition to promoting GSC self-renewal, Aub also promotes cystoblast
differentiation by binding to the bam mRNA and enhancing its translation165. Additional
Aub targets in the germarium include nos, mei-P26, fused, put, tkv, shg, scny, and
dom,165, 212. These genes are also related to GSC self-renewal and differentiation, and
some are also bound by Aub in the early embryo132. The similarity of Aub targets but
sometimes differing consequences of Aub binding across developmental stages
highlights that the regulatory effects of PIWI/piRNA targeting are highly cell contextdependent in ways we do not yet fully understand.
Aub’s regulation of mRNA stability and translation in the early embryo is the bestcharacterized instance of non-transposon gene regulation by PIWI/piRNAs in
Drosophila. These roles of maternal Aub, along with other roles of maternal PIWI
proteins and piRNAs during embryogenesis, are discussed further in the next section.

The maternal contributions of Drosophila PIWI proteins and piRNAs
All three PIWI proteins in Drosophila are maternally deposited into both somatic
and germline compartments of the early embryo, but Piwi and Aub are enriched in the
germ plasm113, 114, 213-215. During the early phases of cell cycling in the syncytial
blastoderm, all three PIWI proteins are diffusely cytoplasmic, but Piwi enters the nucleus
at cycle 11, when PGCs cellularize214. Both Piwi and Aub are incorporated into PGCs at
their cellularization, with Piwi in both the nucleus and cytoplasm and Aub remaining
cytoplasmic214. These maternally-deposited PIWI proteins are loaded with piRNAs, and
therefore have the capacity to target and regulate both maternal and zygotic genes.
Embryos laid by females with mutations in any PIWI protein suffer major defects
in early embryogenesis, including abnormal nuclear morphology, cell cycle arrest,
asynchronous nuclear division, and aberrant nuclear migration104, 214, 216. These defects
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may be caused by transposons that were derepressed during oogenesis being
transmitted to the embryo and causing DNA damage170, and are likely also caused by
defective heterochromatin formation217, echoing the role Piwi plays during oogenesis in
chromatin organization151, 154, 162, 218. Regardless of their cause, these mitotic defects in
embryos depleted of maternal PIWI proteins or piRNAs ultimately result in lethality
before gastrulation. Thus, a fully-functioning PIWI/piRNA pathway during oogenesis is
required to achieve proper heterochromatin formation of the embryonic genome and to
prevent transposon-induced damage in the early embryo.
Maternally-deposited piRNAs also maintain transposon suppression across
generations. The major way they achieve this is presumably by shaping the zygotic
piRNA pool. The deposition of maternal piRNAs into the early embryo promotes both the
expression of piRNA precursors from the zygotic genome and the processing of those
precursors into mature piRNAs138, 219-222. In addition, targeting of zygotically-expressed
mRNA by maternal piRNAs can trigger the formation of new piRNAs from that mRNA
substrate223.
The consequences of this transgenerational piRNA inheritance are exemplified in
hybrid dysgenesis, when progeny that paternally inherit a transposon that is absent in
their mothers are sterile, but genetically identical progeny which maternally inherit a
transposon that is absent in their fathers are fertile224-227. The infertility of progeny from
dysgenic crosses is accompanied by genome instability and gonadal atrophy228-230. Many
variations of hybrid dysgenesis, each related to a different transposon, had been wellstudied for several decades before piRNAs were discovered. Once the PIWI/piRNA
pathway was understood as a major mechanism of transposon control, it was revealed
that progeny from at least some dysgenic crosses fail to silence the paternally-inherited
transposon because their mothers do not express and therefore do not provide progeny
with the relevant transposon-targeting piRNAs231-235. The sterile progeny of these
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dysgenic crosses can over time gain control of the paternally-inherited transposon by
generating new piRNAs against it; these progeny therefore experience increased,
though not completely rescued, fertility as they age175. Hybrid dysgenesis has been a
powerful model for studying how the zygotic repertoire of piRNAs is shaped by
maternally-deposited piRNAs because it provides a straightforward platform to
specifically deplete piRNAs targeting a single genetic element.
Creating analogous systems for studying the role of maternally-deposited
piRNAs on individual non-transposon genes has been difficult due to the heterogeneity
of piRNAs and our limited understanding of the rules of piRNA targeting. Furthermore,
the broad disruption of piRNA biogenesis causes early embryonic arrest170, 214, 216, mostly
limiting the study of maternal piRNAs to early embryogenesis. Despite these technical
limitations, the effect of maternal Aub and its associated piRNAs on non-transposon
genes in the early embryo has been studied. Aub was discovered as a maternal factor
required for both dorsal-ventral axis determination112 and anterior-posterior axis
determination114 of embryos. The dorsal-ventral patterning defects in eggs laid by aub
mutant mothers were later understood to be mainly attributable to transposon
derepression and meiotic checkpoint activation during oogenesis181. However, the
anterior-posterior axis determination defects are due to Aub’s key roles in the formation
of the germ plasm.
Aub is a core component of the germ plasm46, 114, 236, 237 and embryos laid by aubnull females fail to specify PGCs114. The first role that was discovered for Aub in PGC
development was enhancing the translation of the core germ plasm factor Oskar238. In
addition, Aub binds many germ plasm mRNAs132, 133, and germ plasm mRNAs fail to
accumulate in the germ plasm of embryos laid by aub-null mothers even when Oskar
translation is rescued163. Aub contributes to the posterior enrichment of germ plasm
mRNAs in several different ways: (1) “trapping” these mRNAs at the germ plasm during
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the cytoplasmic streaming phase of oogenesis133, (2) preventing the degradation of germ
plasm mRNAs at the embryo posterior by recruiting the Wispy poly(A) polymerase163,
and (3) enhancing the degradation of germ plasm mRNAs in the embryo soma by
cleaving those mRNAs with its own endonuclease activity or recruiting the CCR4-NOT
complex to deadenylate those mRNAs132, 213. Aub and its associated piRNAs are also
involved in the translational activation of germ plasm mRNAs at the embryo posterior161.
Thus, Aub’s role in germ plasm formation is foundational. Notably, some of the piRNAs
that are necessary for Aub’s regulation of germ plasm mRNAs are derived from
transposons213, highlighting that the PIWI/piRNA pathways’ functions in transposon
suppression and the regulation of developmental pathways are deeply intertwined.
Embryos laid by piwi-null females also specify few or no PGCs215, but Piwi’s
precise role in the germ plasm and PGC development is not well understood, and is
clearly distinct from that of Aub. Like embryos depleted of maternal Aub, embryos
depleted of maternal Piwi fail to properly deadenylate nanos mRNA outside of the germ
plasm213. In contrast to Aub’s function in promoting Oskar translation and germ granule
formation, embryos depleted of maternal Piwi exhibit normal Oskar protein levels215.
However, embryos loaded with excess maternal Piwi have proportionally increased
Oskar protein levels and PGC numbers215, so although Piwi is not required for Oskar
translation, it does promote Oskar levels. Further studies into Piwi’s function in germ
plasm formation and PGC development have been limited by the pleiotropic
developmental defects in of piwi mutants (discussed below). However, the weak
depletion of maternal Piwi using piwi2 heterozygous mothers mildly impairs
heterochromatin formation in adult progeny217, indicating that maternal Piwi deposition
into the early embryo could affect gene expression even to adult stages in progeny. It is
currently unknown what developmental effects maternal Piwi might have on progeny
beyond early embryogenesis.
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Project objectives and overview
In many animals, germline development is initiated by proteins and RNAs that
are expressed maternally, and PIWI proteins and their associated piRNAs are among
the maternal components deposited into the embryonic germline in Drosophila. To date,
the maternal contributions of the PIWI/piRNA pathway have mainly been studied in early
embryos, because females carrying null mutations in PIWI/piRNA pathway genes either
fail to lay eggs altogether104, 105, or lay eggs that arrest early in embryogenesis due to
severe cell cycle defects104, 214 and failure of PGC specification114, 215. Furthermore, the
possibility of long-lasting maternal effects of the PIWI/piRNA pathway has been difficult
to appreciate without knowing how long maternal PIWI proteins and piRNAs persist in
the next generation. PIWI proteins have been observed in germ cells at all stages of
development136, but the expression patterns of maternal and zygotic PIWI proteins at
different stages of development have not yet been disentangled.
The one area where the maternal function of the PIWI/piRNA pathway beyond
early embryogenesis has been studied is in the context of its classic transposonsuppression role. When progeny do not inherit maternal piRNAs that can target a
paternally-inherited transposon, they cannot repress the expression of that transposon,
and consequently experience infertility231-235. This phenomenon shows that the
maternally-inherited pool of piRNAs is crucial for shaping the zygotic piRNA pool. Given
that many piRNAs also have the capacity to target non-transposon genes110, 115, 132, 161,
163, 210, 211, 213, 239

, it is plausible that maternal PIWI proteins and piRNAs could also shape

progeny development by regulating zygotic gene expression.
In this dissertation, I ask whether the maternal PIWI/piRNA pathway could play
additional roles in the germline development of progeny by focusing on the founding
member of this pathway, Piwi, and examining phenotypes beyond early embryogenesis.
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In Chapter 2, I explore Piwi’s localization, target mRNAs, and longevity in the germ
plasm of developing oocytes and embryos. I find that Piwi binds the oskar mRNA and
may regulate its posterior localization during oogenesis. Strikingly, I also find that germ
plasm-deposited maternal Piwi persists in the germline of progeny throughout
embryogenesis and to some larval stages, suggesting that maternal Piwi could regulate
aspects of progeny germline development far beyond its previously-described roles in
early embryogenesis. In Chapter 3, I use a maternal piwi knockdown strategy that
efficiently and specifically depletes maternal Piwi while also allowing progeny to develop
to adulthood to begin probing the functions of maternal Piwi in progeny’s development.
Using this strategy, I show that maternal Piwi is required for the fertility and normal
gonad morphology of female, but not male, progeny. In Chapter 4, I investigate the
possible molecular mechanisms of this female-specific transgenerational subfertility
phenotype. Following maternal piwi knockdown, transposons were mildly derepressed in
the early embryo but were fully repressed in the ovaries of adult progeny, suggesting
that the phenotype is not caused by transposon activation. However, the maternal
piRNA pool was diminished, reducing the capacity of the PIWI/piRNA complex to target
zygotic genes during embryogenesis. Finally, examination of embryonic germ cell
proliferation and ovarian gene expression revealed that the germline of female progeny
was partially masculinized by maternal piwi knockdown. Together, this reveals a novel
role for the maternal PIWI/piRNA pathway in specifically protecting the fertility of female
progeny, and suggests that there may be other maternal proteins with long-ranging
expression and function in progeny development.
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Chapter 2: Maternal Piwi is a long-lived component of the germ
plasm
Part of the work described in this chapter has been published in: Gonzalez LE, Tang X,
Lin, H. “Maternal Piwi regulates primordial germ cell development to ensure the fertility
of female progeny in Drosophila.” Genetics, 2021 Jun 17. PMID: 34142134. Co-author
contributions that have been included in this dissertation are specified in figure legends
and text.
Introduction
Early studies into the Drosophila PIWI proteins showed that both Aub and Piwi
are enriched at the posterior of the developing oocyte113, 114, 215, presumed to be the germ
plasm that is enriched with proteins and mRNAs that will direct specification of the
germline in early embryos. Aub and Piwi, along with other components of the
PIWI/piRNA pathway, are also required for proper axis determination of the oocyte112, 240,
241

, a process which is achieved by spatially restricting particular mRNAs and proteins

within the oocyte cytoplasm. For example, the localization of oskar mRNA specifically in
the posterior of the oocyte is required for the formation of the anterior-posterior axis and
the germ plasm27. Whether this involvement of the PIWI/piRNA pathway in axis
determination is due to direct regulation of axis determination molecules or indirect
effects remains unclear181, 242. Aub has since been proven a bona fide component of the
germ granules which make up the germ plasm, and some molecular details of how it
contributes to the enrichment of germ plasm RNAs are understood (see Chapter 1).
The role of Piwi in the germ plasm is less well understood, but it is known that
maternal Piwi is required for the specification of primordial germ cells (PGCs), and the
expression of Oskar increases proportionally with maternal Piwi overexpression215.
Unpublished data from the Lin Lab has also shown that maternal Piwi interacts with the
oskar mRNA and Squid, a protein involved in several steps of axis determination
including germ plasm formation241. In this chapter, I further explore Piwi’s role in the
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germ plasm by confirming the physical and genetic interaction between oskar mRNA
and Piwi protein, and assessing the persistence of maternally-deposited Piwi in germ
cells throughout embryogenesis. These results establish a foundation for future
exploration into maternal Piwi’s role in embryonic germline development processes
(Chapters 3 and 4).

Results
Piwi interacts with the oskar mRNA during oogenesis
Although Piwi is considered a primarily nuclear protein, associating with
chromatin and accumulating in the nuclei of both germline and somatic cells of the
ovary105, 154, Piwi has also been observed at the posterior region of the oocyte
cytoplasm113, 215. Co-immunofluoresence for both Piwi and Oskar showed that their
localization at this posterior region was indeed very similar (Fig 2.1A, arrowhead),
supporting the interpretation that this posteriorly-localized Piwi is part of the germ plasm.
I also consistently observed a high expression of Piwi protein in the two or three most
posterior somatic follicle cells (Fig 2.1A, arrow). These cells, called “polar follicle cells,”
participate in EGFR signaling with the oocyte to facilitate anterior-posterior patterning23.
This Piwi expression in polar follicle cells could relate to the anterior-posterior patterning
defects we observed when specifically depleting Piwi in somatic follicle cells243, 244. In this
study, I focused on Piwi expressed in the germline.
The presence of Piwi in the germ plasm (Fig 2.1A) and previous RNA
Immunoprecipitation (IP) experiments showing Piwi pulling down several axis
determination mRNAs241 suggested that maternal Piwi binds the oskar mRNA. To
confirm this, I used transgenic flies expressing GFP-tagged wild-type Piwi (GFP-PiwiWT)
or GFP-tagged Piwi with a point mutation that abrogates piRNA binding (GFP-PiwiYK) 138
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to pull down Piwi and its associated mRNAs. Anti-GFP IP in adult ovaries efficiently
pulled down both GFP-tagged Piwi proteins, though relatively less GFP-PiwiYK was
pulled down because much of the protein was degraded, and because it was expressed
at lower levels than GFP-PiwiWT (Fig 2.1B). Because a significant fraction of GFP-PiwiYK
was degraded but still pulled down by anti-GFP antibodies, a smaller fraction of the
GFP-PiwiYK IP was composed of full-length protein, as compared to the GFP-PiwiWT IP.
Nevertheless, RNA could be pulled down via co-IP with both GFP-Piwi proteins. I first
used this to confirm that the GFP-PiwiYK protein truly was deficient for pulling down
piRNA (Fig 2.1C). This approach provided me with a system to not only confirm which
mRNAs were bound by Piwi, but also test whether the interaction between Piwi and
these mRNAs was mediated by piRNA.
This RNA IP strategy confirmed that Piwi interacts with the oskar mRNA, and
perhaps other germ plasm mRNAs, in the ovary. In the GFP-PiwiWT IP, I detected
significant pull-down of both oskar and cyclinB, another mRNA enriched in the germ
plasm, as well as the positive control gypsy transposon mRNA (Fig 2.1D). The
interaction between Piwi and other axis determination mRNAs (gurken, bicoid, dorsal,
and nanos) which had previously been suggested241 was not confirmed. In the GFPPiwiYK IP, only oskar was significantly pulled down, suggesting that the interaction
between Piwi and oskar is piRNA-independent. The fact that oskar was pulled down by
both GFP-PiwiWT and GFP-PiwiYK could indicate a direct binding between Piwi and
oskar, or it could reflect that, like endogenous Piwi, GFP-PiwiYK is recruited to the germ
plasm and IP of germ plasm GFP-PiwiYK pulls down much of the content of germ
granules, including oskar, regardless of direct binding.
To better understand the interaction between Piwi and the oskar mRNA, I
analyzed publicly-available Piwi-IP Small RNA-seq datasets 139, 245 to identify oskarmapping piRNAs (Fig 2.2). Both piRNAs sense to oskar – which perfectly and uniquely
25

match the oskar mRNA sequence – and piRNAs antisense to oskar – which are perfectly
complementary to the oskar mRNA sequence – were detected from Small RNA-seq in
wild-type ovaries. Sense piRNAs spanned the entire length of the oskar mRNA, while
antisense piRNAs were mostly restricted to the 5′ UTR and the sequence that is only
translated in the “Long Oskar” isoform (Fig . , upper panels). In the presence of a null
allele of zucchini (zuc), which encodes an endonuclease required for processing piRNAs
in the primary piRNA biogenesis pathway182, the sense piRNAs were mostly abolished
but the putative antisense piRNAs were unchanged or slightly increased (Fig 2.2, middle
panels). When aub was mutated to be incapable of endonucleolytic cleavage, activity
which is normally required for secondary piRNA biogenesis and degradation of Aub’s
target mRNAs, the sense piRNAs were unchanged or slightly increased, while the
putative antisense piRNAs were mostly abolished (Fig 2.2, lower panels). Because these
piRNAs were not normalized to the total library size and the antisense piRNA prediction
required perfect complementarity, these results cannot quantitatively reflect the
dynamics of oskar-mapping piRNAs and the exact relationship between piRNAs and
oskar remains unclear. Nevertheless, this shows that the oskar mRNA is regulated by
the PIWI/piRNA pathway, and that the oskar mRNA is processed into piRNAs, likely via
the primary piRNA pathway.
Because piwi-null mutants lose germline stem cells and therefore only rarely
produce egg chambers at the mid- and late-oogenic stages where oskar is primarily
regulated104, 105, I used piwi knockdown strategies to observe what effect Piwi depletion
has on the oskar mRNA. Driving knockdown with Nanos-gal4 (Nos-gal4), which is
expressed specifically in the germline starting from the germline stem cell stage, one
UASp-piwi-shRNA resulted in ovaries with normal morphology, and another UASp-piwishRNA resulted in ovaries with ovaries that completely lacked germline cells (“agametic
ovaries”; Fig 2.3A). In these agametic ovaries, the vast majority of the cells present are
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somatic cells which would normally be part of the germarium, but which have no
germline cells to encapsulate. I refer to these as “piwi-shRNA #1” and “piwi-shRNA # ,”
respectively, and later confirmed that piwi-shRNA #2 is expressed at higher levels and
consistently decreases piwi levels more strongly than piwi-shRNA #1 (see Chapters 3
and 4), which likely explains why piwi-shRNA #2 causes a phenotype more closely
resembling a piwi-null mutant ovary. In contrast, driving knockdown with Maternal Alpha
Tubulin-gal4 (MAT-gal4), which is expressed in the germline from mid-oogenesis, both
UASp-piwi-shRNA lines resulted in ovaries with normal morphology (Fig 2.3B). I refer to
these knockdown strategies as piwi-NosKD and piwi-MatKD, respectively.
One key aspect of oskar mRNA regulation is its specific localization to the
posterior of the oocyte during mid-oogenesis, mediated by directed movement across
anterior-posterior oriented cytoskeleton network (reviewed by Lehmann27). In control egg
chambers, the oskar mRNA gradually becomes more restricted to the posterior of the
oocyte between stages 8 and 10 (Fig 2.4A and Fig 2.4B, upper panels and gray bars).
This posterior localization of oskar is required for the posterior translation of the Oskar
protein, recruitment of germ plasm mRNAs to the posterior of the oocyte, and ultimately
the specification of primordial germ cells (PGCs) at the posterior of the early embryo. In
piwi-NosKD ovarioles, this progression of oskar mRNA towards the oocyte posterior
between stages 8 and 10 was delayed (Fig 2.4A). This pattern was also reflected in the
oskar localization pattern in zuc-null mutants, in which the primary piRNA biogenesis
pathway is strongly disrupted (Fig 2.4A). In contrast, when using MAT-gal4 to
knockdown piwi from mid-oogenesis, the oskar mRNA localization was normal
throughout oogenesis in piwi-MatKD #1, and only slightly delayed in piwi-MatKD #2
stage 9 egg chambers (Fig 2.4C-D). The different effects on oskar mRNA localization
when using Nos-gal4 and MAT-gal4 suggests that the defects in oskar localization
observed in piwi-null mutants is due to Piwi expression in early embryogenesis.
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Figure 2.1 Piwi interacts with the oskar mRNA.
(A) Representative immunofluorescence image of a Stage 8 egg chamber, co-stained for Piwi
and Oskar. Oskar localization indicates the position of the germ plasm, at the posterior of the
developing oocyte. (B) Western blots from anti-GFP immunoprecipitation of GFP-PiwiWT and the
piRNA-binding deficient GFP-PiwiYK. Asterisk indicates nonspecific bands. (C) Autoradiograph of
total RNA pulled down with GFP-PiwiWT and GFP-PiwiYK using anti-GFP antibody. (D) RT-qPCR
from mRNA pulled down with GFP-PiwiWT and GFP-PiwiYK. Gypsy is the representative
transposon mRNA (positive control), rp49 is the negative control, gurken, bicoid, dorsal, nanos,
and oskar are axis determination mRNAs, and oskar and cycB are germ plasm mRNAs. TwoWay ANOVA and Dunnett’s Multiple omparison’s Test. * p<0.05, *** p<0.0005, **** p<0.0001.
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Figure 2.2 The oskar mRNA is processed into piRNAs in the ovary.
piRNAs that map sense (blue) or antisense (magenta) with 0 mismatch to the oskar mRNA. Data
derived from Piwi-IP followed by Small RNA-seq in wild type (w1118) and zuc mutant
(zucHM27/Df(2L)Prl) ovaries published in Han et al245, and Aub slicer mutant (AubADH) ovaries
published in Wang et al139.
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Figure 2.3 Germline knockdown of piwi can produce ovaries with grossly normal
morphology
(A) Schematic representation depicting that Nos-Gal4 can drive UAS activity from the germline
stem cell stage (upper panel) and representative images of whole ovaries viewed in Dark Field or
individual ovarioles immunostained for Piwi from GFP-NosKD, piwi-NosKD #1, and piwi-NosKD
#2 females (lower panels). Ovary images are at the same scale, and one example germarium is
indicated in each DAPI panel, including “empty” germarium lacking germline cells in ovaries
where Nos-gal4 drives piwi-shRNA #2. (B) Schematic representation depicting that MAT-Gal4
can drive UAS activity from mid-oogenesis (upper panel) and representative images of whole
ovaries viewed in Dark Field or individual ovarioles stained for Piwi from GFP-MatKD, piwi-MatKD
#1, and piwi-MatKD #2 females (lower panels). Ovary images are at the same scale.
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Figure 2.4 Localization of the oskar mRNA is dysregulated when piwi is knocked down
from early oogenesis, but not mid-oogenesis.
(A) Two representative images of oskar mRNA in Stage 9-10 egg chambers of GFP-NosKD, piwiNosKD #1, and zucchiniHM27/Df(2L)716 (lower panels). Quantification of percent of egg chambers
with oskar restricted to the posterior of egg chambers at each stage in mid-oogenesis. Two-Way
ANOVA grouped by stage. (B) Two representative images of oskar mRNA in Stage 8-10 egg
chambers of GFP-MatKD, piwi-MatKD #1, and piwi-MatKD #2 (lower panels). Quantification of
percent of egg chambers with oskar restricted to the posterior of egg chambers at each stage in
mid-oogenesis. Two-Way ANOVA grouped by stage. n=88-91 per genotype, 10-21 per stage.
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Maternal Piwi persists in germline cells of progeny through embryogenesis and to
some larval stages
Previous studies have shown that maternal Piwi is deposited into both somatic
and germline regions of the early embryo214, 215. The presence of Piwi protein in the germ
plasm during oogenesis (Fig 2.1) means that it is inherited by PGCs at particularly high
levels. Maternal Piwi is known to be required for PGC specification215, the earliest step of
embryonic germ cell development. Whether maternal Piwi is also involved in later steps
of embryonic germ cell development depends in part on the duration and cell type
specificity of its persistence in the embryo. To begin investigating this, I characterized
the expression of maternal Piwi protein during embryogenesis using the cross depicted
in Fig 2.5A. Transheterozygous myc-piwi/UASp-GFP (3rd chromosome) females were
crossed with homozygous zfh2-gal4 (3rd chromosome) males that express GAL4
throughout the nervous system246, 247. The UASp-GFP/zfh2-gal4 progeny inherit maternal
Myc-Piwi protein (which recapitulates and rescues endogenous piwi expression248), and
express GFP but do not express Myc-Piwi from the zygotic genome. In contrast, mycpiwi/zfh2-gal4 progeny inherit maternal Myc-Piwi and express zygotic Myc-Piwi, but not
GFP. With this approach, I was able to definitively identify UASp-GFP/zfh2-gal4 embryos
and use anti-Myc immunostaining to visualize maternal Piwi persistence during
embryogenesis.
I observed strong maternal Myc-Piwi expression in UASp-GFP/zfh2-gal4
embryos up to at least 17 hours after egg laying (Fig 2.5B, left panels), which is the
latest embryonic timepoint that is amenable to immunofluorescence. At these relatively
late stages of embryogenesis, maternal Myc-Piwi was detectable in a number of cell
types, including cells that appear to be part of the digestive system and germ cells. The
strongest detectable expression of maternal Piwi was in PGCs (Fig 2.5B, left panels,
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arrowhead). As expected, Myc-Piwi was also strongly detectable in the PGCs of mycpiwi/zfh2-gal4 embryos, in which Myc-Piwi represents a mixture of maternal and zygotic
Piwi (Fig 2.5B, middle panels, arrowhead). The presence of maternal Piwi in late-stage
embryos, apparently selectively maintained in embryonic germ cells, suggests that
maternal Piwi could have a direct role in germline development throughout
embryogenesis.
Using this visualization strategy, I observed that maternal Myc-Piwi had a
dynamic sub-cellular localization within germ cells. As previously described for PGCs at
their specification214, maternal Piwi is localized within both the cytoplasm and nucleus at
PGC specification (Fig 2.5C) and through migration (Fig 2.5D). In contrast, maternal Piwi
appeared to be predominantly nuclear in coalesced gonads (Fig 2.5E-F). Given that
Piwi’s classic functions in adult gonads takes place within the nucleus, this suggests that
Piwi might particularly regulate germ cell development processes that occur during or
after gonad coalescence.
After seeing maternal Piwi persist in germ cells throughout embryogenesis, I next
asked whether maternal Piwi also persisted in the larval gonad, in collaboration with Dr.
Xiongzhuo Tang. He used a strategy similar to that described for embryos, this time
crossing transheterozygous myc-piwi/UASp-GFP females to Act-gal4 males (Fig 2.6A).
In progeny from this cross, Myc-Piwi represents only maternal Piwi in UASp-GFP/Actgal4 larvae, which are identifiable by GFP expression. Most of these larvae lacked
detectable maternal Myc-Piwi at the third instar stage (Fig 2.6B), including all male
UASp-GFP/Act-gal4 third instar larvae tested (Fig 2.6B, lower panels). However,
approximately 20% of female UASp-GFP/Act-gal4 larvae showed expression of maternal
Myc-Piwi (Fig 2.6B, middle panel, “Detectable Maternal Myc-Piwi”), suggesting that
maternal Piwi is present during some stages of female larval gonadogenesis, up to the
third instar stage.
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Figure 2.5 Maternal Piwi protein is detectable in embryos up to at least gonad
coalescence.
A) Schematic of crossing strategy to visualize maternal Piwi in embryos. (B) Representative
images from visualization of Myc-Piwi in late-stage embryos (approximately 16 hours after egg
laying) inheriting only maternal Myc-Piwi protein (left panel), inheriting both maternal Myc-Piwi
protein and the Myc-Piwi transgene (middle panel), and inheriting neither the Myc-Piwi protein nor
the Myc-Piwi transgene (right panel; negative control). Coalesced gonads indicated by
arrowheads. (C-F) Schematics of germ cells within the embryo at each developmental timepoint,
and representative images of maternal Myc-Piwi protein in UASp-GFP/zfh2-gal4 embryos. Inset
is magnified 2X. PGC: primordial germ cells.
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Figure 2.6 Maternal Piwi protein is detectable in a minority of third-instar larval ovaries.
(A) Schematic of crossing strategy to visualize maternal Piwi in larval gonads. (B) Representative
images of immunostaining for maternal Myc-Piwi in larval ovaries and larval testes from the cross
depicted in panel A. Numbers in parentheses are (Number of individuals with indicated Myc-Piwi
expression pattern / total numbers individuals of indicated genotype). This experiment was
performed and analyzed by Dr. Xiongzhuo Tang.
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Summary and Conclusions
The data in this chapter confirm Piwi’s place as a component of the germ plasm
formed during oogenesis, and illustrate that this germ plasm-enriched maternal Piwi
persists in the germline cells of progeny well beyond the early stages of embryogenesis.
First, I confirmed earlier reports241 that Piwi binds the oskar mRNA (Fig 2.1), and
added an observation that Piwi binds piRNAs that map both sense and antisense to
oskar (Fig 2.2), suggesting that it is both targeted by and processed into piRNAs during
oogenesis. However, the regulatory relationship between the oskar mRNA and maternal
Piwi remains unclear. Piwi depletion from early oogenesis, but not from mid-oogenesis,
affected the posterior localization of oskar (Fig 2.4), indicating that Piwi early in
oogenesis, before oskar has started to be localized to the oocyte posterior, is the main
source of this observed effect of Piwi on oskar posterior localization. This could reflect
that the failed localization of oskar in piwi-knockdown or piwi-null egg chambers is
actually due to activation of the meiotic checkpoint (which is early in oogenesis) as a
consequence of transposon derepression, as has been shown for other aspects of axis
determination in other PIWI/piRNA pathway mutants181, 216. Alternatively, Piwi in early
oogenesis may regulate the expression or early recruitment of oskar-regulating factors
involved in the localization of oskar during later stages.
After being recruited to the germ plasm during oogenesis, maternal Piwi is
inherited by the germline cells of progeny. Previously, maternal Piwi had primarily been
studied in early embryogenesis214, 215. This stage is prior to the activation of the zygotic
genome, when the expression patterns and functions of maternal proteins can be
unambiguously studied separately from the zygotic expression patterns and functions of
those proteins. At these stages, maternal Piwi is observable throughout both somatic
and germline compartments of the embryo214. I developed a new genetic approach to
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unambiguously observe the expression of maternal Piwi long after zygotic genome
activation, and used this to determine that maternal Piwi persists throughout
embryogenesis, most strongly in PGCs (Fig 2.5). This longevity of maternal Piwi
establishes the possibility that it can impact the germline development of progeny
through late embryogenesis, a possibility that I explore further in Chapters 3 and 4.
I also observed that maternal Piwi is detectable in at least some larval ovaries,
but not in larval testes (Fig 2.6), extending the possibility that maternal Piwi could
regulate aspects of larval, in addition to embryonic, germline development. The
mechanism by which maternal Piwi persists for a longer developmental time in female
larvae than male larvae awaits further study; it could reflect a preferential retention of
maternal Piwi in larval ovaries over larval testes, or could reflect a dilution of maternal
Piwi in the germ cells of larval testes, which undergo many more rounds of cell division
compared to the germ cells in larval ovaries249. But regardless of the mechanism by
which this is achieved, this sex-biased retention of maternal Piwi implies a sex-biased
function for maternal Piwi. Indeed, in Chapters 3 and 4, we find that depletion of
maternal Piwi impacts the fertility of female but not male progeny.
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Chapter 3: Maternal Piwi is required for the fertility of female
progeny
Part of the work described in this chapter has been published in: Gonzalez LE, Tang X,
Lin, H. “Maternal Piwi regulates primordial germ cell development to ensure the fertility
of female progeny in Drosophila.” Genetics, 2021 Jun 17. PMID: 34142134.

Introduction
In Chapter 2, I showed that the maternal Piwi protein is detectable in the
germline at least through gonad coalescence at the end of embryogenesis, and likely
through at least some stages of gonadogenesis in larval stages. This expression pattern
raised the possibility that maternal Piwi/piRNA could regulate developmental processes
beyond its previously-described roles in the early embryonic cell cycle and primordial
germ cell (PGC) specification. To date, studies into the embryonic functions of maternal
Piwi have been limited by the severe and pleiotropic effects of piwi-null mutations,
including failure of germline stem cell self-renewal and blocked oogenesis104, 105. Even
when maternal Piwi-depleted embryos are obtained using genetically mosaic females104,
105, 214, 215

, those embryos mostly arrest in early embryogenesis104, 214, and the few that

can progress further fail to specify PGCs215. Because of these technical limitations, it
remains unexplored whether maternal Piwi regulates the development of progeny
beyond early embryonic stages. In this Chapter, I use a maternal knockdown strategy to
circumvent these challenges of using piwi-null alleles, and initiate study into maternal
Piwi’s roles in progeny germline development beyond early embryogenesis.
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Results
The piwi-MatKD system effectively depletes maternal Piwi
To assess maternal Piwi’s role in progeny development, I used Maternal Alpha
Tubulin (MAT)-gal4 and two independent anti-piwi shRNA lines to reduce the levels of
maternal Piwi (Fig 3.1A). I refer to these as piwi-MatKD #1 and piwi-MatKD #2. In these
females (F0 females in Fig 3.1A), Piwi is knocked down specifically in germ cells starting
in mid-oogenesis (Fig 3.1B). Throughout, GFP-MatKD was used as a negative control.
In contrast to strong piwi-null mutations where piwi expression in all ovarian cells is
depleted, knocking down piwi expression in the germline did not affect germline stem
cell self-renewal, and therefore resulted in F0 ovaries with grossly normal morphology
(Fig 3.1B). When MatKD F0 females are crossed with w1118 males, half of the F1 progeny
carries a copy of UASp-shRNA and the other half carries a copy of MAT-gal4 (Fig 3.1A).
MatKD F1 flies used throughout this study were a mixture of these two genotypes, both
of which were depleted of maternal Piwi but retained normal zygotic Piwi expression
(see below).
Both anti-piwi shRNA lines efficiently reduced Piwi protein levels, but to different
degrees: piwi-MatKD #1 was relatively weaker than piwi-MatKD #2 (Fig 3.2A).
Accordingly, embryos laid by piwi-MatKD #1 (“piwi MatKD #1 F1” embryos) developed
largely normally, whereas piwi-MatKD #2 F1 embryos frequently arrested at precellularization stages (Fig 3.2B-C). This piwi-MatKD #2 F1 phenotype is reminiscent of
the F1 embryonic arrest that results from maternal Piwi depletion using strong piwi-null
ovarian clones 214. Despite the high rate of embryonic arrest, some piwi-MatKD #2 F1
embryos did progress to adulthood (see below). The fact that nearly all piwi-MatKD #1
and many piwi-MatKD #2 embryos could progress beyond the first few stages of
embryogenesis provided an opportunity to assess whether depletion of maternal Piwi
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can affect later stages of progeny development. Furthermore, the different efficiencies of
piwi-MatKD #1 and piwi-MatKD #2 provided an opportunity to identify potential dosedependent effects of maternal Piwi depletion.
This maternal depletion strategy should not affect the expression of zygotic piwi
in F1 flies, because no F1 fly contains both the MAT-gal4 and the UASp-shRNA
transgenes. However, the maternal deposition of GAL4 protein could in theory activate
shRNA expression in the half of F1 progeny that carry UASp-shRNA 250. If zygotic piwi
mRNA was expressed during mid-embryogenesis, this would result in a knockdown of
zygotic piwi in half of piwi-MatKD embryos. To address this, I crossed piwi-MatKD F0
females with males carrying a myc-Piwi transgene which has been shown to recapitulate
and rescue endogenous piwi expression248, such that any Myc-Piwi expression in the F1
generation would represent zygotic Piwi (Fig 3.3A). With this strategy, I was unable to
detect zygotic piwi mRNA through 6 hours of embryogenesis (Fig 3.3B), and saw
extremely low levels of zygotic Piwi protein later in embryogenesis in control embryos
(Fig 3.3C). Thus, even if piwi-shRNA could target zygotically-expressed piwi, the overall
impact would be negligible.
These data show that this MatKD system is an effective method for specifically
depleting maternal Piwi, and a promising system for studying maternal Piwi’s function.

40

Figure 3.1 The MatKD system depletes maternal Piwi without impairing maternal ovary
morphology.
(A) Schematic of crossing strategy to deplete maternal Piwi. F0 individuals carry both UASpshRNA and Maternal Alpha Tubulin (MAT)-GAL4, so shRNA is expressed from mid-oogenesis.
F1 individuals carry either UASp-shRNA or MAT-GAL4, but not both. (B) Schematic of MATGAL4 expression (dashed pink line) and piwi knockdown (solid pink line) in the MatKD F0 ovary,
and anti-Piwi immunofluorescence in MatKD F0 ovaries. Whole ovary images are at the same
scale.
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Figure 3.2 piwi-MatKD #2 is relatively stronger than piwi-MatKD #1, and resulted in a
higher rate of embryonic arrest in the F1 generation.
(A) Western blot of total Piwi levels in GFP-MatKD, piwi-MatKD #1, and piwi-MatKD #2 0-2h
embryos. (B) Relative frequency of F1 embryos at stages 1-9, 10-14, 15+, or unstageable (see
definition in C). n=109-199. (C) Representative images of 0-4h F1 embryos laid by GFP-MatKD
and piwi-MatKD females. Embryos were staged based on nuclear number and distribution;
embryos with abnormal nuclear morphology and/or distribution were considered “unstageable.”
Images are at the same scale.
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Figure 3.3 Zygotic Piwi is expressed at nearly undetectable levels in mid-embryogenesis.
(A) Schematic of crossing strategy to visualize zygotic Piwi (from paternally-inherited myc-piwi).
(B) Representative images of immunostaining for zygotic Myc-Piwi from control (GFP-MatKD)
mothers. (C) RT-PCR for total piwi, myc-piwi, and actin5C. Left two lanes are positive and
negative controls, respectively, for myc-piwi expression, and remaining lanes are from embryos
collected from the cross depicted in panel A. Only embryos laid by piwi-MatKD #1 mothers were
used because embryos laid by piwi-MatKD #2 mothers are mostly arrested in early
embryogenesis (see Fig 3.2), precluding analysis of RNA levels in bulk embryos beyond the 0-2h
stage.
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Piwi-MatKD F1 females, but not males, have impaired fertility
To first broadly assess germline function and development within this piwi-MatKD
system, I measured the fertility of adult flies. I performed fertility tests of piwi-MatKD F0,
F1, and F2 flies by crossing them individually with 2-3 w1118 flies of the reciprocal sex,
counting the number of eggs laid over seven days and the total number of adults that
emerged from these vials after 12-15 days (Fig 3.4A-D). Consistent with the normal
morphology of piwi-MatKD F0 females (Fig 3.1B) but in contrast to piwi-null females,
piwi-MatKD F0 females laid normal numbers of eggs (Fig 3.4A, upper panel). In fact,
they laid more eggs than control GFP-MatKD F0 females, possibly because the GFPMatKD F0 females were somewhat compromised in egg-laying (Fig 3.4A, upper panel).
On average, 80% of piwi-MatKD #1 F1 embryos and up to 20% of piwi-MatKD #2 F1
progressed to adulthood (Fig 3.4A, lower panel), consistent with the incomplete
penetrance of embryonic arrest in piwi-MatKD F1 #2 embryos (Fig 3.2B-C). These F1
adults provided us with an opportunity to observe potential developmental defects that
manifest in adulthood as a consequence of maternal Piwi depletion.
Because maternal Piwi was specifically maintained in the F1 embryonic germline
(Chapter 2), I expected that maternal Piwi played some role in progeny germline
development. Indeed, piwi-MatKD F1 females from both anti-piwi shRNA lines suffered
dramatic fertility defects (Fig 3.4B), reflected in both decreased rates of egg-laying (Fig
3.4B, upper panel) and decreased percentages of those eggs developing to adulthood
(Fig 3.4B, lower panel), as compared to GFP-MatKD F1 controls. Notably, although
approximately 60% of piwi-MatKD #2 F1 embryos could not progress beyond the first
few cell cycles of embryogenesis (Fig 3.2B), piwi-MatKD #2 F1 adult females were
equally subfertile as piwi-MatKD #1 F1 females (Fig 3.4B). Thus, although piwi-MatKD
#2 results in a more dramatically defective early embryonic phenotype than piwi-MatKD
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#1, these two knockdown lines closely match one another in terms of causing piwiMatKD F1 subfertility.
If the piwi-MatKD F1 subfertility was caused by some general germline
development defect, such as failure to specify PGCs during embryogenesis 215, the
fertility of both females and males would be affected. To my surprise, piwi-MatKD F1
males, when crossed with virgin w1118 females, were able to stimulate egg laying (Fig
3.4C, upper panel) and fertilize those eggs (Fig 3.4C, lower panel) at rates
indistinguishable from those of GFP-MatKD F1 males. The normal fertility of piwi-MatKD
F1 males, together with the subfertility of piwi-MatKD F1 females, suggests that maternal
Piwi plays some role in female-specific, rather than general, aspects of germline
development in progeny.
Because Piwi’s major mechanism of action is shaping the chromatin modification
landscape, and deficiency of the C. elegans PIWI protein prg-1 causes progressive
transgenerational sterility over multiple generations 251, I also tested the fertility of piwiMatKD F2 females. However, I did not observe any subfertility in females in the piwiMatKD F2 generation (Fig 3.4D), suggesting that zygotic piwi expression in the piwiMatKD F1 ovary provides sufficient maternal Piwi for the normal germline development
of piwi-MatKD F2 females.
To investigate what ovarian defects led to the subfertility of piwi-MatKD F1
females, I examined MatKD F1 gonads. Approximately 40% of piwi-MatKD F1 ovaries
lacked late-stage egg chambers (“Arrested”), 2-7% completely lacked germline cells
(“Agametic”), and the remaining 51-58% were morphologically wild-type (Fig 3.5A). In
the piwi-MatKD F1 arrested ovaries, egg chambers began degenerating at the onset of
vitellogenesis (Fig 3.5B). All piwi-MatKD F1 ovaries had normal Piwi expression in both
somatic and germline cells in non-degenerating egg chambers (Fig 3.5B-C), indicating
that zygotic Piwi expression was not affected in piwi-MatKD F1 females. Despite the
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range of piwi-MatKD F1 ovarian phenotypes, the piwi-MatKD F1 females with wildtypelike ovaries nevertheless laid fewer eggs than GFP-MatKD F1 females (Fig 3.6),
indicating that ovarian arrest was not the sole cause of piwi-MatKD F1 subfertility.
The piwi-MatKD F1 males had normal fertility when crossed with w1118 females,
(Fig 3.4C), but because males generate many more gametes than females do, there
remained a possibility of a subtle piwi-MatKD F1 male fertility defect that would be
undetectable by fertility test. To address this, I dissected and performed
immunofluorescence on the testes of piwi-MatKD F1 males (Fig 3.8). The testes of piwiMatKD F1 males had normal Vasa and Piwi staining (Fig 3.8), indicating normal germ
cell morphology and normal expression of zygotic Piwi. Using DIC imaging, I also
confirmed the presence of sperm tails (Fig 3.8, right panel), indicating that mature sperm
were formed in these testes. This apparently normal phenotype of piwi-MatKD F1 testes
further reinforces the female-specific nature of the piwi-MatKD F1 fertility defect.
Similarly, piwi-MatKD F2 females mostly had normal ovary morphology (Fig 3.8),
which is consistent with their normal fertility (Fig 3.4D). There was a slight increase in
the frequency of piwi-MatKD F2 females with arrested ovaries, as compared to GFPMatKD F2 females, but this difference was not statistically significant. No agametic
ovaries were observed. This piwi-MatKD F2 phenotype confirms my interpretation from
the fertility data: the transgenerational subfertility caused by depletion of maternal Piwi is
limited to females in the F1 generation.
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Figure 3.4 Maternal Piwi is required for the fertility of female, but not male, progeny.
(A-D) Seven-day fertility tests of individual females mated to two w1118 males or individual males
mated to three w1118 females (see cross in Fig 3.1). (A) MatKD F0 females (n=17-25). (B) MatKD
F1 females (n=16-22). (C) MatKD F1 males (n=17-20). (D) MatKD F2 females (n=20-24). Upper
panels indicate number of eggs laid per day and lower panels indicate the percentage of those
eggs that developed to adulthood (only calculated for crosses which produced > 10 eggs). Mean
+ SD. One-way ANOVA and Dunnet’s multiple comparisons test. n.s. = “not significant.”
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Figure 3.5 Many adult females depleted of maternal Piwi had arrested ovaries.
(A) Representative images of MatKD F1 ovaries (2-3 days old), and relative frequency of each
category of ovary phenotype in each genotype (n=45-75 per genotype). Chi-square test. Whole
ovary images are at the same scale. (B) Anti-Vasa and anti-Piwi immunofluorescence of MatKD
arrested ovaries. Piwi-MatKD arrested ovaries arrest around stage 8. An asterisk indicates one
example mature egg, and an arrowhead indicates one example arrested egg chamber. (C) RTqPCR of piwi-MatKD F1 ovaries, expression calculated relative to actin5C.
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Figure 3.6 piwi-MatKD F1 females with both WT-like and arrested ovaries were subfertile
compared to GFP-MatKD F1.
(A) Total eggs laid over seven-day fertility test by individual females of the indicated genotype
and ovary morphology. One-Way ANOVA and Dunnett’s Multiple omparisons Test. n=5-23. (B)
Representative images of MatKD F1 ovaries, all taken at the same magnification. The number
below each image is the total number of eggs laid by that individual during the seven-day fertility
test. Ovary images are at the same scale.
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Figure 3.7 Depletion of maternal Piwi did not affect testicular morphology in adult males.
Representative images of MatKD F1 testes, with anti-Vasa and anti-Piwi immunofluorescence,
and Differentially Interference Contrast (DIC) to visualize sperm tails.
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Figure 3.8 piwi-MatKD F2 ovaries have largely normal morphology.
(A) Representative images of ovaries from MatKD F2 females (see cross in Fig 1A). Ovary
images are at the same scale. (B) Quantification of the relative frequency of WT-like and arrested
ovaries from MatKD F2 females. n=34-51 per genotype, Chi-square Test.
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Summary and Conclusions
In this chapter, I used a novel maternal Piwi depletion strategy (referred to as
piwi-MatKD) to show that, in addition to its previously-described roles in early embryonic
cell cycles and PGC specification214, 215, maternal Piwi has an additional function to
ensure the fertility of female progeny. Strikingly, while all piwi-MatKD F1 females had
impaired fertility and many had ovaries that arrested in mid-oogenesis (Fig 3.4, 3.5),
piwi-MatKD F1 males had normal fertility and testicular morphology (Fig 3.4, 3.7). This
discrepancy could reflect an enhanced sensitivity for Piwi in females as compared to
males, or it could mean that maternal Piwi functions in a process that is specific to
female progeny. The former possibility has been suggested in the case of zygotic Piwi,
where both the piwi1 and piwi2 mutant alleles decrease the fertility of females, but only
the stronger piwi1 allele decreases the fertility of males110. The latter possibility, that
maternal Piwi participates in a female-specific germline developmental process, is
further explored in Chapter 4.
Although their mothers were subfertile, piwi-MatKD F2 females had normal
fertility (Fig 3.4) and gonadal morphology (Fig 3.8). This phenotype may indicate that the
expression of zygotic Piwi in the piwi-MatKD F1 ovary reverses any molecular defects
(e.g. to the piRNA population or epigenetic landscape) that was acutely caused by
maternal Piwi depletion in the piwi-MatKD F0 ovary. However, the interpretation of these
experiments is limited by the fact that these F2 females were the progeny of the more
mildly affected (not fully sterile) F1 females. Because there were no progeny of severely
affected (fully sterile) F1 females, my measurement of F2 fertility is necessarily biased
towards mildly affected individuals. Alternative experimental approaches would be
needed to truly determine whether depletion of Piwi in the F0 female germline would
have any effect on the epigenetic state and/or development in generations beyond F1.
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The ovarian arrest phenotype in piwi-MatKD F1 females only partially illuminates
how maternal Piwi depletion impairs the fertility of female progeny. The majority of piwiMatKD F1 ovaries with morphological defects arrest around stage 8, at the onset of
vitellogenesis (Fig 3.5). At oogenesis stage 8, there is a checkpoint where oogenesis
can be stalled by a variety of stimuli, ranging from environmental stress to imbalances in
ecdysone or Juvenile Hormone levels (reviewed by McCall20). Based on this phenotype,
a relatively simple explanation for this ovarian arrest could be that piwi-MatKD F1
females were under some nonspecific stress. Indeed, piwi-null mutants have an
increased susceptibility to premature aging and starvation185, and piwi-MatKD F1
females could harbor similar characteristics. However, a small but significant portion of
piwi-MatKD F1 females had ovaries that completely lacked germline cells (Fig 3.5), a
phenotype that is unlikely to be caused by stress. Notably, this agametic phenotype is
similar to the phenotype of piwi-null mutants104. Furthermore, piwi-MatKD F1 females
with wild-type like ovaries were also subfertile as compared to controls (Fig 3.6), further
reinforcing that the subfertility is not simply caused by environmental stress nor even the
ovary morphology defects. In Chapter 4, I explore alternative mechanisms by which the
depletion of maternal Piwi could directly cause subfertility among female progeny.
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Chapter 4: Maternal Piwi depletion causes mild transposon
derepression and partial masculinization of the female germline
Part of the work described in this chapter has been published in: Gonzalez LE, Tang X,
Lin, H. “Maternal Piwi regulates primordial germ cell development to ensure the fertility
of female progeny in Drosophila.” Genetics, 2021 Jun 17. PMID: 34142134.
Introduction
In Chapter 3, I showed that depletion of maternal Piwi results in an F1 subfertility
phenotype which is specific to females. In this chapter, I explore the potential molecular
mechanisms leading to this phenotype.
To date, the best-known function of the PIWI/piRNA function is preventing
transposon activation and protecting germ cells from transposon-induced genome
instability (reviewed by Wang & Lin252 and Chapter 1). This transposon-suppression role
has primarily been studied in adult gonads, and building on this, it has been proposed
that one major role for maternal PIWI/piRNA in the germ plasm is to maintain transposon
suppression across generations. This model is exemplified in hybrid dysgenesis, in
which progeny that paternally inherit a transposon but do not maternally inherit the
corresponding transposon-targeting piRNAs cannot suppress the expression of that
transposon231, 232. Consequently, hybrid dysgenesis typically results in genome
instability, gonadal atrophy, and infertility228-230. In some cases, this gonadal atrophy and
infertility resemble the arrested ovaries and subfertility observed in piwi-MatKD F1
females (Fig 3.4, 3.5). Additionally, the subfertility I observed somewhat resembles the
subfertility caused by knockdown of zygotic piwi specifically during mid-embryogenesis;
in this case, the subfertility was accompanied by and therefore attributed to the
derepression of transposons in the adult ovary137. Given these well-established links
between the Piwi and transposon activity in adult and embryonic stages, I investigated
whether the piwi-MatKD F1 female subfertility was caused by transposon derepression.
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In this chapter, I also explore whether maternal Piwi could protect the fertility of
female progeny independently of its role in regulating transposons. Although most
Drosophila piRNAs target transposons147, 166, there are also piRNAs that target and
regulate non-transposon genes in the early embryo132, 161, 163, 213, 239, adult ovaries165, 184,
201, 211, 212

, and adult testes110, 115, 201, 210. In addition, although many studies argue that

developmental defects in PIWI/piRNA mutants are caused by transposon derepression,
some studies suggest that transposon derepression is separable from other defects170,
186

. Building on these studies that show broad gene regulation functions for the

PIWI/piRNA pathway, I explored whether the piwi-MatKD F1 female subfertility could be
attributed to dysregulation of non-transposon genes.

Results
Transposons were only mildly derepressed by maternal Piwi depletion
To determine whether the piwi-MatKD F1 subfertility was a result of transposon
derepression in the F1 embryo or the F1 adult ovary, I began by performing total RNAseq on piwi-MatKD F1 0-1.5 h embryos (Fig 4.1, Appendix 4) and quantifying the
expression of annotated transposons using TETools253. First, quantifying the percentage
of total reads aligned to transposons allowed me to assess whether transposons were
globally upregulated in piwi-MatKD F1 embryos. This percentage was only significantly
increased in two of the piwi-MatKD #2 F1 embryo RNA-seq libraries (Fig 4.2A).
Surprisingly, although piwi-MatKD #2 embryos had both lower piwi mRNA levels and a
higher percentage of reads aligned to transposons as compared to GFP-MatKD and
piwi-MatKD #1 embryos, there was poor correlation between piwi mRNA levels and
transposon levels on a sample-by-sample basis (Fig 4.2A). Despite this inconsistent
level of global transposon derepression, eleven individual transposons were consistently
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derepressed in both piwi-MatKD conditions, with 16 derepressed in piwi-MatKD #1 F1,
and 34 derepressed in piwi-MatKD #2 F1 embryos (Fig 4.2B, 4.2C).
Among the derepressed transposons, retrotransposons in the LTR and LINE
families were over-represented (Fig 4.3A). The enrichment of LTR transposons in
particular was mainly attributable to transposons in the gypsy family, which are typically
only expressed in the somatic follicle cells of the ovary134. However, the read counts of
these gypsy transposons, like with most of the other transposons that were derepressed,
remained at relatively low levels, despite being statistically considered “up-regulated”
(Fig 4.3B). The exceptions were Het-A and TAHRE (Fig 4.3B), which did reach fairly
high expression levels in the piwi-MatKD F1 embryos. Overall, these relatively low levels
of transposon derepression in piwi-MatKD F1 embryos is striking compared to the typical
derepression by 1-2 orders of magnitude for dozens of transposons when the
Piwi/piRNA function is strongly disrupted176-178, 201.
Although this mild transposon derepression in the early embryo was very low, it
could potentially seed further transposon derepression later in development, as
described for zygotic piwi knockdown during embryogenesis137. I used RT-qPCR to
assess transposon expression in MatKD F1 ovaries (Fig 4.4), separating the wildtypelike and arrested ovaries. This approach allowed me to confidently compare gene
expression in ovaries of similar cellular composition (GFP-MatKD F1 and piwi-MatKD F1
with wildtype-like ovaries) while also identifying potential expression differences between
wildtype-like and arrested ovaries of the same maternal genotype. I expected that
arrested ovaries would have a stronger molecular signature for transposon derepression
than wildtype-like ovaries. However, in all piwi-MatKD F1 ovary groups, there was no
consistent derepression of the transposons that had been moderately derepressed in the
early piwi-MatKD F1 embryo (Het-A,TART, TAHRE, gypsy2, and gypsy12) nor of those
that were derepressed upon zygotic Piwi knockdown during embryogenesis (Het-A and
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HMS Beagle) as previously reported137 (Fig 4.4). In a few cases (Het-A, TART,
gypsy12), there was mild derepression in some but not all the piwi-MatKD groups, but
their expression was still much lower than in zuc-null ovaries, where the piRNA pathway
is truly disrupted. Thus, despite the mild transposon derepression in the early piwiMatKD F1 embryo, their repression was restored by adulthood.
These analyses of transposon RNA levels in embryo and adult stages suggest
that the piwi-MatKD F1 subfertility was not mainly caused by transposon derepression
and led me to explore whether it could instead have been caused by the dysregulation of
non-transposon genes.
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Figure 4.1 RNA-seq data of MatKD F1 embryos within each genotype are highly
reproducible.
After gene expression levels were determined using TETools and DESeq2, pairwise comparisons
were made among the regularized log transformed read counts from three replicates of each
genotype, and are presented as scatterplots. R indicates correlation coefficient.
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Figure 4.2 Eleven transposons were derepressed in the piwi-MatKD F1 early embryo.
(A) Relative expression of piwi compared to the average piwi expression in GFP-MatKD (left) and
percent of total RNA-seq reads that aligned to transposable elements (right) for each RNA-seq
library. (B-C) Differential expression of transposons from RNA-seq on 0-1.5 h MatKD F1
embryos, represented as volcano plots (upper panels) and MA plots (lower panels) where purple
datapoints are significantly changed (p-adjusted<0.05, Fold Change>1.5) in that genotype
compared to GFP-MatKD, and large purple datapoints are significantly changed (padjusted<0.05, Fold Change>1.5) in both piwi-MatKD #1 and #2 compared to GFP-MatKD.
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Figure 4.3 Most transposons that were statistically significantly derepressed in the piwiMatKD F1 early embryo were nevertheless present at low levels.
(A) Relative proportion of transposon classes in the total genome, and derepressed in piwiMatKD F1 early embryos. (B) Read numbers for each transposon that was derepressed in both
piwi-MatKD #1 and #2.
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Figure 4.4 Transposons were repressed in piwi-MatKD F1 ovaries.
RT-qPCR for transposons in MatKD F1 adult ovaries, zuc+/- (zucchini+/HM27), and zuc-/(zucchiniHM27/Df(2L)716) ovaries. All piwi-MatKD groups were compared to GFP-MatKD, and zuc-/was compared to zuc+/-. The latter comparison serves as a positive control for transposon
derepression in the context of piRNA pathway disruption. Two-way ANOVA and Dunnett’s
Multiple Comparisons Test, * p<0.05, ** p<0.01, *** p<0.0001.
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The piRNA pool and its mRNA-targeting potential were diminished by the
depletion of maternal Piwi
There is growing evidence that the Drosophila PIWI/piRNA pathway targets and
regulates non-transposon genes (Chapter 1). To understand whether maternal Piwi
regulates the expression on non-transposon genes, I first assessed the maternallydeposited piRNA pool in MatKD F1 early embryos. Loss or accumulation of particular
piRNAs in the early embryo could impact gene expression at that timepoint, and could
also shape subsequent PIWI/piRNA-mediated gene regulation throughout
embryogenesis. I sequenced small RNAs isolated from total RNA of 0-1.5 h embryos
(Fig 4.5A, Appendix 5), capturing all RNAs between 20-30 nucleotides. These small
RNAs included the exogenous siRNAs expressed in MatKD F0 females, and allowed me
to observe that the piwi-shRNA #2 was expressed at much higher levels than the piwishRNA #1 (Fig4.5B), which explains why piwi-MatKD #2 reduces piwi mRNA and Piwi
protein levels so much more than piwi-MatKD #1 (Fig 4.5C, Fig3.2A). The other small
RNAs captured in my sequencing included piRNAs, which I analyzed further to
understand the effect of maternal Piwi depletion on the maternally-deposited piRNA
pool.
After filtering out unrelated RNAs (tRNA, rRNA, miRNA, siRNA), I identified the
maternally-deposited piRNAs and found that the piRNA pool was reduced, though not
abolished, by piwi-MatKD (Fig 4.5D). There was a particular reduction of 26-29
nucleotide piRNAs, which are preferentially bound by Piwi rather than Aub or Ago3113.
The remaining piRNAs in piwi-MatKD F1 embryos still largely retained the typical 1U and
10A biases, though the former was slightly diminished while the latter was slightly
enhanced compared to piRNAs from GFP-MatKD F1 embryos (Fig 4.5E). These
changes in the size distribution, 1U bias, and 10A bias suggest a shift from primary
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piRNAs to secondary piRNAs, which is consistent with a selective decrease of Piwibound piRNAs in the piwi-MatKD F1 early embryo.
To investigate how this depletion of piRNAs in the early piwi-MatKD F1 embryo
could impact gene expression later in development, I identified putative target mRNAs of
the maternally-deposited piRNAs in embryos from each knockdown condition. To guide
PIWI proteins to a particular target, a piRNA must be able to base-pair with that RNA,
though it does not need to base-pair perfectly127-130, 132, so piRNA reads were aligned
antisense to transcribed regions of non-transposon genes with up to two mismatches
allowed. Because most piRNAs have the potential to target multiple sequences, the
alignment was then weighted by the number of putative target sites of that piRNA read
within the transcriptome. I refer to the sum of piRNA target sites within a gene, where
each target site is weighted by the number of each targeting piRNA’s reads and the
number of each piRNA’s target sites within the transcriptome, as the “piRNA
targetability” of that gene:

𝑇𝑎𝑟𝑔𝑒𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝐺𝑒𝑛𝑒 𝑋 = ∑
𝑝

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑅𝑁𝐴 𝑟𝑒𝑎𝑑𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑅𝑁𝐴 𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑖𝑡𝑒𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡𝑜𝑚𝑒

where p = individual target sites within Gene X (see Chapter 6 and Appendix 6 for
details about how this calculation was performed). Genes with a high piRNA targetability
have a high number of piRNA target sites, and those piRNAs are present at high copy
numbers and have few other target sites in the transcriptome. If some portion of those
targeting piRNAs were lost upon maternal Piwi depletion, that gene’s targetability would
decrease in piwi-MatKD F1 embryos relative to GFP-MatKD F1 embryos. Importantly,
this calculation is a prediction and does not definitively identify true piRNA target
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mRNAs. Nevertheless, it can hint towards possible piRNA targets and therefore
illuminate the ways maternally-deposited piRNAs could regulate gene expression.
According to this approach for identifying piRNA target mRNAs, approximately
50% of piRNA reads in all MatKD Small RNA-seq libraries had the capacity to target at
least one mRNA (Fig 4.6A). The majority of mRNAs which were targetable by piRNAs
(approximately 50-60% in each MatKD condition) had a targetability between one and
1000 weighted piRNA reads per library, but there were some mRNAs that were
targetable by less than 1 weighted piRNA read (indicating that those piRNAs can also
target many other mRNAs) and some that were targetable by over 100,000 weighted
piRNA reads (Fig 4.6B).
When comparing the piRNA targetability of mRNAs in piwi-MatKD F1 embryos
with that in GFP-MatKD F1 embryos, 61 genes had decreased piRNA targetability upon
maternal Piwi depletion (Fig 4.7A); that is, piRNAs antisense to these genes were
abundant in GFP-MatKD embryos, but were depleted in piwi-MatKD embryos. Only five
genes had increased piRNA targetability. The skew towards decreased piRNA
targetability is consistent with the overall decrease in piRNAs in piwi-MatKD F1 embryos
(Fig 4.5D). The mRNAs with changed piRNA targetability are potentially regulated by the
PIWI/piRNA pathway, and could become dysregulated in piwi-MatKD F1 flies.
To validate these results and identify other mRNAs which had dysregulated
expression upon maternal Piwi depletion, I analyzed my RNA-seq of the early MatKD F1
embryo, this time assessing the expression of non-transposon genes. Many more genes
were differentially expressed in piwi-MatKD #2 than in piwi-MatKD #1 (Fig 4.7B), as
expected because piwi-MatKD #2 depletes Piwi more strongly (Fig 3.2A). Many of the
differentially expressed genes in piwi-MatKD #2 F1 embryos function in global
proteolysis and apoptosis (Table 4.1), which likely reflects the increased propensity of
piwi-MatKD #2 F1 embryos to experience cell cycle defects and embryonic arrest (Fig
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3.2) 254. Among the genes that were differentially expressed in both piwi-MatKD #1 and
#2, 10 (including piwi) were down-regulated and 11 were up-regulated (Fig 4.7B-C,
Table 4.2). As with all analyses, I focused my attention on the gene expression changes
in common between piwi-MatKD #1 and piwi-MatKD #2, because these are the most
likely to explain the F1 subfertility that is in common between these two knockdown
lines. Three of these genes with increased expression by RNA-seq also had decreased
piRNA targetability: CG30428, CG31324, and Jheh3.
Of the genes that had changed RNA expression or changed piRNA targetability,
only Jheh3 had a potential connection to the piwi-MatKD F1 subfertility described in
Chapter 3. Jheh3 encodes a Juvenile Hormone Epoxide Hydrolase, which degrades
Juvenile Hormone. Juvenile Hormone impacts a myriad of processes in Drosophila,
including longevity, stress response, and, notably, oogenesis255. Another gene in the
Jheh family, Jheh2, also had increased mRNA expression and decreased piRNA
targetability, though less consistently than that of Jheh3 (Fig 4.8A). Although these
genes did not have changed expression in piwi-MatKD F1 adult ovaries (Fig 4.8B), I
investigated whether dysregulation of these genes during embryogenesis could result in
any developmental defects, reasoning that their expression levels could plausibly affect
Juvenile Hormone-regulated developmental processes.
Jheh2 and Jheh3 are adjacent to one another in the genome, with an intervening
insertion of the Bari transposon256 (Fig 4.9A). By visualizing piRNAs that map to this
gene region, I observed antisense piRNAs against both Jheh2 and Jheh3 (Fig 4.9A).
These piRNAs that are antisense to Jheh2 and Jheh3 are mostly 24-28 nucleotides long
(Fig 4.9B), which supports their identity as piRNAs. Because my piRNA target prediction
strategy excluded transposons, this mapping did not identify Bari-targeting piRNAs. It
did, however, detect sense piRNAs uniquely derived from Jheh2, Jheh3, and Bari (Fig
4.9A), indicating that transcripts from all three genes are processed into piRNAs,
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presumably because they are also targeted by antisense piRNAs. I further confirmed
that this Bari insertion is present in all the fly lines used to generate MatKD individuals by
Sanger sequencing the Bari-Jheh flanking region (Fig 4.9C-D). Because Piwi classically
targets transposons, the Bari insertion near Jheh2 and Jheh3 could at least partially
explain why this gene region is targeted by piRNAs.
The piRNA targeting of Jheh2 and Jheh3, perhaps mediated by the Bari
insertion, led me to explore whether this could be linked to the piwi-MatKD F1 female
subfertility phenotype. In D. melanogaster strains that contain this particular Bari
insertion, the expression of Jheh2 and Jheh3 is reduced257, perhaps because of an
accumulation of piRNAs that target Jheh2 and Jheh3. This reduced expression of Jheh2
and Jheh3 ultimately results in reduced viability257, which is consistent with dysregulation
of Juvenile Hormone levels. In piwi-MatKD F1 embryos, there was a loss of piRNAs that
target Jheh2 and Jheh3, and an increase in the expression of those genes (Fig 4.8A),
which should lead to an overall decrease in Juvenile Hormone levels, because Jheh2
and Jheh3 degrade Juvenile Hormone. Juvenile Hormone deficiency in adulthood results
in infertile females and oogenic arrest at vitellogenesis258, but does not affect male
fertility259; strikingly, this resembles the piwi-MatKD F1 subfertility phenotype (Fig 3.4,
3.5). Furthermore, Jheh2 is known to be expressed in male, but not female, embryonic
gonads79. Thus, although Jheh2 and Jheh3 have not been extensively studied before, I
hypothesized that they might have a sex-biased function, which is perhaps regulated by
maternal Piwi.
To begin testing whether the derepression of Jheh2 and/or Jheh3 in piwi-MatKD
F1 embryos was connected to the female-specific piwi-MatKD F1 subfertility phenotype,
I focused on Jheh3 because it was more strongly and consistently derepressed in the
piwi-MatKD F1 embryos, as compared to Jheh2 (Fig 4.8A), and because there were
reagents available to control the expression of Jheh3. Transgenic fly lines that contained
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either a Jheh3 overexpression construct or a Jheh3 knockdown construct very efficiently
modulated Jheh3 RNA levels when driven with the MAT-gal4 driver (Fig 4.10A-B).
Knockdown of Jheh3 using MAT-gal4 resulted in complete sterility (data not shown),
which indicates the importance of Jheh3 expression for fertility, but also limits further
experiments with this fly line. Overexpression of Jheh3 using MAT-gal4 did not
qualitatively affect fertility (data not shown), so I used this transgenic fly line to test
whether overexpression of Jheh3 in piwi-expressing cells could phenocopy the piwiMatKD F1 subfertility. I did not observe any fertility defects in terms of egg laying (Fig
4.10C). Thus, Jheh3 derepression using piwi-gal4 does not phenocopy the piwi-MatKD
F1 female subfertility, and I was unable with these reagents to confirm whether Jheh3
dysregulation in piwi-MatKD F1 flies was related to their female-specific subfertility.
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Figure 4.5 Depletion of maternal Piwi reduces the pool of maternally-deposited piRNAs.
(A) Small RNAs (20-29 nt) were isolated from total 0-1.5 h MatKD F1 embryo RNA for Small
RNA-seq. (B) siRNA levels sequenced in the early MatKD F1 embryo of each respective maternal
genotype. (C) piwi mRNA levels sequenced in the early MatKD F1 embryo of each respective
maternal genotype. See Figure 4.7 for more on RNA-seq of non-transposon genes. (D) Size
distribution of piRNAs from total Small RNA-seq, after filtering out rRNA, miRNA, and siRNA,
normalized to total library size. Two-Way ANOVA, Dunnett’s Multiple omparisons Test. *p<0.01,
***p<0.0001. (E) Sequence distribution from each piRNA library at the first and tenth nucleotide
position, Mean + SD.
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Figure 4.6 Many maternally-deposited piRNAs have the capacity to target non-transposon
mRNAs.
(A) Percent of piRNA reads from each Small RNA-seq library predicted to target a nontransposon mRNA with up to 2 mismatches. (C) Density plot (above) and rug plot (below)
depicting the number of mRNAs predicted to be targeted by different numbers of piRNA reads, on
average among three replicates of each MatKD condition after normalization with DESeq2.
mRNAs which are not predicted to be targeted by any piRNAs (GFP-MatKD: 7200 mRNAs, piwiMatKD #1: 7200 mRNAs, piwi-MatKD #2: 8687 mRNAs) are excluded.
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Figure 4.7 Several dozen non-transposon genes have changed piRNA targetability in the
early embryo upon maternal Piwi depletion.
(A-B) Differential Targetability (A) or Differential Expression (B) of Drosophila non-transposon
mRNAs in piwi-MatKD vs GFP-MatKD F1 embryos. Red or purple datapoints are significantly
changed (p-adjusted<0.05, Fold Change>1.5) in that genotype, and large red datapoints are
significantly changed (p-adjusted<0.05, Fold Change>1.5) in both piwi-MatKD #1 and #2. (C)
Overlap in genes with changed piRNA targetability and expression in both piwi-MatKD #1 and #2.
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Table 4.1 GO analysis of genes differentially expressed in piwi-MatKD #2 F1 0-1.5h embryos.
Up-regulated genes in piwi-MatKD #2 vs GFP-MatKD
GO biological process

#

# in
reference

#
expected

Fold
Enrichment

raw P
value

FDR

16
194
290
396
307

14
38
39
40
40

0.19
2.34
3.49
4.77
3.7

72.62
16.26
11.16
8.38
10.81

6.84E-20
2.02E-33
9.03E-29
3.37E-25
4.65E-29

4.08E-17
7.82E-30
9.99E-26
2.61E-22
6.00E-26

8
13
185
1033

7
8
38
41

0.1

72.62

1.71E-10

6.96E-08

0.16
2.23
12.45

51.07
17.05
3.29

5.78E-11
4.22E-34
4.59E-12

2.49E-08
3.27E-30
2.09E-09

Down-regulated genes in piwi-MatKD #2 vs GFP-MatKD
GO biological process

#

# in
reference

#
expected

Fold
Enrichment

raw P
value

FDR

posterior Malphigian tubule development
Malphigian tubule development
renal tubule development
epithelium development
renal system development
animal organ development
sex determination, establishment of X:A ratio
primary sex determination, soma
somatic sex determination
primary sex determination
amioserosa formation
gastrulation involving germ band extension
gastrulation with mouth forming first
anatomical structure formation involved in morphogenesis
positive regulator of activin receptor signaling pathway

3
65
65
903
74
1126
5
11
18
16
8
43
43
485
4

3
16
16
48
16
70
5
5
5
5
7
12
12
34
3

0.07
1.42
1.42
19.7
1.61
24.57
0.11
0.24
0.39
0.35
0.17
0.94
0.94
10.58
0.09

45.83
11.28
11.28
2.44
9.91
2.85
45.83
20.83
12.73
14.32
40.1
12.79
12.79
3.21
34.37

1.83E-04
1.09E-11
1.09E-11
1.22E-08
5.87E-11
7.49E-16
9.82E-07
1.53E-05
1.04E-04
6.54E-05
1.03E-08
1.32E-09
1.32E-09
4.36E-09
3.16E-04

6.43E-03
3.84E-09
3.67E-09
1.26E-06
1.47E-08
1.16E-12
6.98E-05
7.61E-04
3.95E-03
2.63E-03
1.11E-06
1.96E-07
1.93E-07
5.63E-07
1.02E-02

proteasomal ubiquitin-independent protein catabolic process
proteasomal protein catabolic process
proteolysis involved in cellular protein catabolic process
cellular macromolecule catabolic process
protein catabolic process
positive regulation of RNA polymerase II transcriptional preinitiation
complex assembly
proteasome assembly
proteasome-mediated ubiquitin-dependent protein catabolic process
signaling
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Table 4.2 Genes differentially expressed in both piwi-MatKD #1 and #2 F1 0-1.5h embryos.
Down-regulated
FlyBase ID

Up-regulated

Common Name

FlyBase ID

Common Name

FBgn0004872

piwi

FBgn0263093

CR43361

FBgn0038412

Zip89B

FBgn0028400

Syt4

FBgn0034126

jetboil (jbt)

FBgn0034406

Jheh3

FBgn0259918

inaF-B

FBgn0085732

CR40190

FBgn0033926

Arc1

FBgn0036544

sff

FBgn0260812

inaF-D

FBgn0050428

CG30428

FBgn0052816

CG32816

FBgn0014073

Tie

FBgn0032079

CG31886

FBgn0051324

CG31324

FBgn0085434

NaCP60E

FBgn0259210

prom

FBgn0040370

CG13375

FBgn0262123

l(2)41Ab

FBgn0031098

CG17068

72

1.5

p=0.0047
p=0.00

p=0.00 1
p=0.00 4

1.0

0.5

5

0.0

p=0.00 1

p<0.0001
p<0.0001

n.s.

4
G P Mat D
piwi Mat D #1
piwi Mat D #
1

0
Jheh2

Jheh2

Jheh3

Jheh3

xpression in Mat D F1 Ovary

.0

Relative xpression

xpression
in Mat D F1 mbryo

Relative mRNA Levels

Relative Antisense piRNA Levels

piRNA Targetability
in Mat D F1 mbryo

1.5

G P Mat D
WT like

1.0

Arrested
WT like

0.5

Arrested

piwi Mat D
#1
piwi Mat D
#

0.0
Tu

Jheh2

Jheh3

Figure 4.8 Jheh2 and Jheh3 have decreased piRNA targetability and increased mRNA
expression in the early piwi-MatKD F1 embryo.
(A) Putative antisense piRNA levels from Small RNA-seq for Jheh2 and Jheh3 (left), and mRNA
levels of Jheh2 and Jheh3 (right) in MatKD F1 0-1.5h embryos. Relative levels determined from
Small RNA-seq and total RNA-seq, respectively, analyzed by DESeq2. (B) RT-qPCR for β-Tub,
Jheh2, and Jheh3 in MatKD F1 adult ovaries, expression calculated relative to Act5C levels. All
differences in gene expression were nonsignificant. Significance tested with Two-Way ANOVA
and Dunnett’s Multiple omparisons Test.
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The piwi-MatKD F1 female germline is partially masculinized
The observation that maternal Piwi and piRNAs can repress Jheh2 (Fig 4.8), a
gene which is specifically expressed in male PGCs79, led me to hypothesize that
maternal Piwi could regulate other sex-biased germline genes. I began exploring this
possibility by examining the expression patterns of genes with changed piRNA
targetability in piwi-MatKD F1 early embryos. RNA-seq data extracted from
modENCODE reveals that 35 of those 61 genes are expressed during embryogenesis in
roughly three expression patterns: eight are expressed “early” in embryogenesis,
fourteen are expressed in the “middle” of embryogenesis, and thirteen are expressed
“late” in embryogenesis (Fig 4.11A). Relatively few of the genes with changed piRNA
targetability are expressed during embryogenesis, which could explain the poor overlap
between genes with changed targetability and those with changed expression in piwiMatKD F1 embryos (Fig 4.7C). Notably, of the genes with decreased piRNA targetability
in the piwi-MatKD F1 embryo that are expressed in adult gonads, about 80% have sexbiased expression (Fig 4.11B-C). Compared to a set of randomly-selected 61 Drosophila
genes, the genes with decreased piRNA targetability were more likely to have ovarybiased than testis-biased expression (Fig 4.11C). This bias reinforces the possibility that
changes in the early embryo piRNA pool could impact the expression of genes later in
development, including relatively late stages of embryogenesis when germline sex
determination becomes apparent, or even in adult gonads. A mechanism by which
maternal Piwi regulates the expression of sex-biased genes in progeny could explain the
subfertility of piwi-MatKD F1 females.
Male-specific and female-specific characteristics of XY and XX PGCs,
respectively, become evident around gonad coalescence63, 79, 81, 260, precisely the stage
where I saw maternal Piwi protein was still maintained (Fig 2.5). One key difference
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between male and female PGCs is the timing of their proliferation. The first wave of PGC
proliferation is the same in all embryos, because it occurs before cellularization of the
embryo63 and before sex determination. Normal numbers of PGCs were specified in
piwi-MatKD F1 as compared to GFP-MatKD F1 embryos (Fig 4.12A). After this initial
phase, PGCs do not proliferate during migration to the embryonic gonad261, but male
PGCs recommence proliferation at gonad coalescence, while female PGCs remain
quiescent63, 81. Using an X-linked paternal Dfd-lacZ transgene to differentiate between
male and female embryos (Fig 4.12B), I saw this pattern reflected in GFP-MatKD F1
embryos: there were similar numbers of PGCs in male and female embryos at stage 15,
just after gonad coalescence, but at stages 16 and 17, male PGCs increased in number
while female PGCs did not (Fig 4.12C). In contrast, in female piwi-MatKD F1 embryos,
PGC numbers increased at stages 16 and 17, resembling their sibling male embryos
(Fig 4.12D-E). This change indicates that PGCs in female piwi-MatKD F1 embryos
acquired a male PGC proliferation pattern.
To explore whether this apparent masculinization of the piwi-MatKD F1 female
germline continued in the adult ovary, I used RT-qPCR to examine the expression of
adult ovarian mRNAs. There was no consistent change in the expression of canonical
ovary-specific genes in piwi-MatKD F1 ovaries, including those that had changed piRNA
targetability in the piwi-MatKD F1 early embryo (Fig 4.13A). However, some canonical
testis-specific genes were present at higher levels in piwi-MatKD F1 ovaries than in
controls (Fig 4.13B). These genes included always early (aly), a core factor in spermatid
differentiation262, and fuzzy onion (fzo), which is activated by aly during
spermatogenesis263. These gene expression changes suggest a partial shift in the piwiMatKD F1 ovary transcriptome towards male-biased genes.
Sex determination in Drosophila is achieved in large part by alternative
splicing264, and the expression of some testis-specific isoforms in the ovary can
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masculinize the female germline. For example, phf7 encodes a histone reader important
for spermatogenesis, and the ectopic expression of the male-specific isoform phf7RC
causes oogenic arrest265. In piwi-MatKD F1 arrested ovaries, the expression of phf7 was
overall decreased, but the relative proportion of phf7RC was increased, although it
remained at fairly low levels (Fig 4.13C, left and middle panel). In a similar way, ovo is a
transcription factor required for female sex determination, but ectopic expression of the
male-specific isoform ovoA causes germline tumors and ovarian arrest when expressed
in the female germline266, 267. In piwi-MatKD F1 ovaries, ovo was overall expressed at
normal levels (Fig 4.13A) and the relative proportion of the ovoA spliceform trended
slightly upwards compared to GFP-MatKD F1 ovaries, but did not reach statistical
significance (Fig 13.C, right panel). These two examples suggest an incomplete shift
towards male-specific isoform expression in piwi-MatKD F1 ovaries.
The fact that only a subset of testis-specific genes I tested was derepressed in
piwi-MatKD F1 ovaries is consistent with the fact that these ovaries do not have the
classic tumor-like morphology of a dramatically masculinized female germline (Fig 3.5)
84, 268, 269

. Instead, this likely represents a partial masculinization of the piwi-MatKD F1

ovary. I did not see defects in piwi-MatKD F1 somatic sex determination as measured by
overall body morphology and coloration (Fig 4.14), so the partial masculinization in piwiMatKD progeny appears to be germline-specific.
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Figure 4.11 Many genes with decreased piRNA targetability in the piwi-MatKD F1 early
embryo have sex-biased expression in wild-type tissues.
(A) Heatmap of gene expression during embryogenesis of genes with decreased piRNA
targetability in the piwi-MatKD F1 early embryo (see Fig 4.7). RPKM data extracted from
modENCODE via Flybase, and heatmap generated using Pheatmap in R. Genes with RPKM <
10 throughout embryogenesis were excluded. (B) Heatmap of gene expression in adult gonads of
genes with decreased piRNA targetability in the piwi-MatKD F1 early embryo (see Fig 4.7).
RPKM data extracted from modENCODE via Flybase, and heatmap generated using Pheatmap
in R. Genes with RPKM < 10 in all adult gonad datasets were excluded. (C) Relative proportion of
genes with decreased piRNA targetability that are not expressed (RPKM<10), have unbiased
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Summary and Discussion
In this chapter, I show that the female-specific subfertility phenotype of piwiMatKD F1 flies is likely due to the decreased piRNA pool in the early embryo and the
masculinization of the piwi-MatKD F1 female germline, rather than the derepression of
transposons.
Using RNA-seq, I observed a mild derepression of a few transposons in piwiMatKD early embryos (Fig 4.2, 4.3), and using RT-qPCR, I observed no consistent
derepression in piwi-MatKD adult ovaries (Fig 4.4). However, Het-A and TAHRE were
present at high levels in piwi-MatKD F1 embryos (Fig 4.3). Derepression of these
transposons during oogenesis can cause early embryonic chromosome segregation
defects170, 171 that resemble defects of embryos strongly depleted of maternal Piwi214, so
the up-regulation of these transposons in piwi-MatKD #2 F1 embryos may partially
explain the frequent arrest of those embryos (Fig 3.2). However, it is unclear how the
observed mild derepression of Het-A and TAHRE in the early embryo might relate to the
female-specific piwi-MatKD F1 subfertility which manifested in adulthood, especially
because these transposons were repressed in piwi-MatKD F1 adult ovaries (Fig 4.4). If
Het-A and TAHRE contributed to the piwi-MatKD F1 female subfertility, it must have
been indirectly through transient activity.
This overall mild derepression of transposons in piwi-MatKD F1 embryos
contrasts with the massive transposon derepression that is normally seen when
components of the PIWI/piRNA are depleted176-178, 201. Most relevant to this study,
Akkouche et al. have shown that the transient knockdown of zygotic piwi during mid- to
late-embryogenesis (3-16 hours after egg laying) results in derepression of Het-A and
HMS-Beagle and subsequent sterility in adult ovaries137. While both my maternal
knockdown strategy and the knockdown strategy used by Akkouche et al. reduced piwi
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mRNA levels during embryogenesis, the strategy used by Akkouche et al. did not affect
levels of maternal Piwi protein, which I showed remain present at high levels throughout
embryogenesis (Fig 2.5). In contrast, any effect on zygotic piwi expression in piwi-MatKD
embryos was likely negligible compared to the effect on maternal piwi expression
because zygotic Piwi is barely detectable at mid-embryogenesis (Fig 3.3). Furthermore,
our knockdown strategy reduced maternal Piwi protein levels starting from midoogenesis in F0 females (Fig 3.1), so piwi-MatKD F1 embryos not only lacked the
normal function of maternal Piwi during embryogenesis, but also inherited any
dysregulation of gene expression, piRNA biogenesis, or epigenetic state that occurred
during oogenesis. Thus, both of these embryonic Piwi knockdown strategies ultimately
resulted in subfertile adult females, but the different effects on transposon repression in
these two systems suggest that this subfertility is produced by different mechanisms.
Although transposons were not dramatically derepressed, the piRNA pool was
significantly reduced in piwi-MatKD F1 early embryos (Fig 4.5), likely shaping
PIWI/piRNA pathway-mediated gene regulation later in development. My piRNA
targetability analysis has a limited power to precisely identify specific piRNA target
genes, because the ability of PIWI proteins to target an mRNA depends on a
combination of available piRNAs, the expression level of the target and competing
mRNA, and the localization of each of these molecules within the cell, and my analysis
could not consider each of these factors. However, my piRNA targetability analysis did
identify with good confidence that Jheh2 and Jheh3 are likely regulated by the
PIWI/piRNA pathway. In piwi-MatKD F1 embryos, piRNAs that can target Jheh2 and
Jheh3 are lost, while the expression of those genes increases (Fig 4.8). The presence of
a Bari transposon insertion adjacent to these genes may be one cause of piRNAs
antisense to Jheh2 and Jheh3 (Fig 4.10). Further study into the expression patterns and
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functions of Jheh2 and Jheh3 is needed to define their relationship to the PIWI/piRNA
pathway generally, and maternal Piwi specifically.
Finally, I showed that female PGCs in piwi-MatKD late embryos take on a
proliferation pattern that resembles that of male PGCs (Fig 4.12), and piwi-MatKD F1
ovaries ectopically express some testis-specific genes (Fig 4.13). This masculinization of
the piwi-MatKD F1 female germline suggests that maternal Piwi is involved in repressing
male germline development and gene expression programs in the female germline of
progeny. Intriguingly, the PIWI/piRNA pathway has been shown to regulate aspects of
sex determination in D. mori and C. elegans. Despite otherwise very different modes of
sex determination, individual piRNAs have been implicated in this process for both
organisms. In B. mori, the Fem piRNA targets the mRNA of male sex determination
gene Masc for degradation in females200, while in C. elegans, the 21ux-1 piRNA targets
the mRNA of male sex determination gene xol-1 for degradation in hermaphrodies270.
When these piRNAs were deleted, the organisms became partially masculinized.
Although I did not identify specific piRNAs involved in sex determination in Drosophila,
the partial masculinization of piwi-MatKD F1 female PGCs and ovaries (Fig 4.12, 4.13)
suggests a role for the Drosophila PIWI/piRNA pathway in repressing male gene
expression programs in the female germline.
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Chapter 5: Conclusions & Perspectives

The PIWI/piRNA pathway has been known as a guardian of fertility in many
animals since the discovery of the piwi gene in Drosophila two decades ago. Since then,
PIWI proteins and piRNAs have been well-characterized in the context of germline stem
cell (GSC) self-renewal and transposon control in adult gonads. There is also mounting
evidence that PIWI/piRNA can regulate both transposons and non-transposon genes at
various stages of germline development, and the work presented in this dissertation
adds a new perspective on how the PIWI/piRNA pathway can act on fertility across
generations.
All three PIWI proteins in Drosophila – Piwi, Aub, and Ago3 – are maternally
deposited into the early embryo, and maternal Piwi and Aub are enriched in the germ
plasm, which is packed with mRNAs and proteins that direct the earliest stages of
embryonic germline development. Several studies have illuminated the mechanisms by
which maternal Aub contributes to primordial germ cell (PGC) specification114, 132, 161, 163,
213

, but Piwi’s role in the germ plasm has so far been poorly understood. I began probing

Piwi’s germ plasm function by determining that Piwi associates with the germ plasm
mRNA oskar during oogenesis, and showing that maternal Piwi persists in primordial
germ cells (PGCs) throughout embryogenesis and to some larval stages (Chapter 2).
These observations opened the possibility that maternal Piwi could impact germline
development far beyond its previously-described role in PGC specification in the early
embryo.
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Figure 5.1 Maternal Piwi expression and the effect of maternal Piwi depletion.
(A) Schematic representation of germline development across two generations, beginning from
germline stem cells (GSCs). Germ cells are indicated in blue. (B) Schematic representation of
maternal Piwi expression (purple). During oogenesis, maternal Piwi is at high levels in early
stages, especially germline stem cells (GSCs), at lower levels in mid- and late-stage nurse cells,
and at moderate levels in the germ plasm. Note that Piwi is also expressed in somatic follicle cells
of the ovary; this is not pictured because Piwi in follicle cells is not maternally inherited. Maternal
Piwi is deposited into both somatic and germline regions of the early embryo, then becomes
restricted to primordial germ cells (PGCs), and persists in PGCs through the end of
embryogenesis. (C) Schematic representation of the effect of piwi-MatKD on the germline
development of progeny. Germ cells are indicated in blue. With piwi-MatKD, Piwi was depleted
from mid-oogenesis. In progeny of piwi-MatKD females, PGCs were specified normally, but
female PGCs have an abnormal proliferation pattern in late embryogenesis. Female progeny of
piwi-MatKD females were subfertile and had arrested ovaries with ectopic expression of male
germline genes, while male progeny were fertile and had testes with normal morphology.
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Our ability to fully appreciate maternal Piwi’s developmental roles has so far
been limited by the severe and pleiotropic phenotypes in females carrying null piwi
alleles. Piwi is required for GSC self-renewal, so piwi-null females usually lose germline
cells altogether and do not lay eggs104, 105. Even when genetic mosaic approaches allow
us to circumvent this challenge, embryos entirely lacking maternal Piwi suffer dramatic
cell cycle defects and cannot progress beyond early embryogenesis104, 214. In contrast,
my maternal piwi knockdown approach, piwi-MatKD, reduces but does not eliminate Piwi
levels from mid-oogenesis, permitting normal GSC self-renewal and the production of
many embryos which can develop to adulthood (Chapter 3). Furthermore, the two antipiwi shRNAs I used had different efficiencies (piwi-MatKD #1 reduces Piwi levels about
75% while piwi-MatKD #2 reduces Piwi levels about 95%), the identification of dosedependent effects of maternal Piwi depletion. Together, this makes piwi-MatKD a
powerful model system to separate the functions of maternal and zygotic Piwi throughout
development.
Using piwi-MatKD to interrogate maternal Piwi’s developmental functions, I found
that female germline development was impaired when maternal Piwi was depleted, but
male germline development was unaffected (Chapter 3). The daughters of piwi-MatKD
females were sterile or subfertile and many had small, arrested ovaries; in contrast, the
sons of piwi-MatKD males were fertile and had testes with grossly normal morphology.
This discrepancy suggests that maternal Piwi functions in some developmental process
that is specific to the female germline. Admittedly, it is impossible to say that piwi-MatKD
F1 males were entirely unaffected by maternal piwi depletion – it remains possible that
they experienced subtle defects in germline development that I did not detect, including
a possible increased sensitivity to environmental conditions. For example, male fertility is
sensitive to nutrition271, and a functioning PIWI/piRNA pathway is known to be important
for energy storage and metabolism in the fat body185. But any possible effect of piwi88

MatKD on male fertility is almost certainly milder than the effect on female fertility. About
half of the piwi-MatKD F1 females were completely sterile, and the other half were
measurably subfertile even in conditions that normally stimulate peak egg-laying.
In addition to experiencing subfertility, the piwi-MatKD F1 female germline was
partially masculinized (Chapter 4). Piwi-MatKD F1 embryos were loaded with fewer
piRNAs than control embryos, and some of these lost piRNAs have the capacity to
target genes that have sex-biased expression during embryonic PGC development.
Furthermore, piwi-MatKD F1 female PGCs proliferated in a pattern resembling male
PGC proliferation in late embryogenesis, and several testis-specific genes were
ectopically expressed in the piwi-MatKD F1 adult ovary. This masculinization could be
further explored by assessing gene expression in the piwi-MatKD F1 embryonic gonad
and larval ovary. The ectopic expression of male germline genes in the female germline
has previously been shown to cause oogenic arrest and sterility84, 85, 268, 269, 272, so the
masculinization of the female germline could be the cause of piwi-MatKD F1 subfertility. I
propose that maternal Piwi ensures the fertility of female progeny by repressing the
expression of male germline genes in the female germline.
There are two models that could explain how maternal Piwi regulates
development of the female germline in progeny. My piwi-MatKD approach begins to
knockdown piwi from mid-oogenesis, and Piwi could shape the mRNA or piRNA pools
during oogenesis in a way that facilitates proper female germline development at later
stages. Alternatively, because maternal Piwi is present in PGCs throughout
embryogenesis and to some larval stages, it could directly regulate gene expression
within PGCs in the F1 generation. These possibilities could begin to be disentangled by
depleting maternal Piwi at additional, defined stages of oogenesis and embryogenesis
273

and systematically measuring the effects of maternal Piwi depletion on mRNAs and

piRNAs at these different stages.
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Piwi in oogenesis may shape the maternally-deposited mRNA and piRNA pools
As a germ plasm component with the ability to bind a diverse array of RNAs, Piwi
could be involved in determining the mRNAs that are enriched in the germ plasm and
therefore are inherited by PGCs during embryogenesis. In fact, this is exactly the
function that Aub, a PIWI protein and core germ granule component46, 114, 237, plays in the
germ plasm. During oogenesis, Aub traps germ plasm mRNAs at the oocyte posterior133,
and during embryogenesis, Aub selectively stabilizes germ plasm mRNAs at the embryo
posterior while destabilizing them elsewhere132, 163, 213. These interactions with germ
plasm mRNAs are facilitated by Aub’s associated piRNAs, many of which are also
bound by Piwi. Maternal Piwi may similarly contribute, non-redundantly with Aub, to the
enrichment of germ plasm mRNAs at the oocyte posterior. In particular, it is possible that
Piwi is responsible for the retention of select germ plasm mRNAs that are not required
for PGC specification but are required for subtle aspects of later PGC development, like
the proliferation pattern at gonad coalescence. Importantly, because male and female
embryos inherit exactly the same suite of maternal proteins and mRNAs, germ plasm
mRNAs could only have sex-specific functions by interacting with zygotically-expressed
genes that differ between males and females. Identifying which mRNAs maternal Piwi
binds in the germ plasm during oogenesis and early embryogenesis would illuminate
what role, if any, Piwi plays in the composition of the germ plasm.
Piwi during oogenesis could also influence progeny’s development by preventing
the embryo from inheriting active transposon mRNAs. Piwi’s best-described function is in
the suppression of transposons (reviewed by Parhad & Theurkauf167) and there were
elevated levels of some transposons in the early piwi-MatKD F1 embryo. Transposition
can cause DNA damage and embryonic arrest170, so the transposon up-regulation in
piwi-MatKD F1 embryos could explain the embryonic arrest in embryos depleted of
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maternal Piwi using piwi-null alleles214 and about 50% of piwi-MatKD #2 F1 embryos
(Chapter 3). However, it is unclear how the deposition of transposon mRNAs into the
early embryo would specifically affect the female PGCs later in development.
Finally, Piwi during oogenesis certainly shapes the piRNA pool that is inherited
by the early embryo, which could affect PIWI/piRNA targeting and gene expression later
in development. During oogenesis, Piwi triggers the generation of new piRNAs
(reviewed by Czech & Hannon140; Sato & Siomi141) and likely stabilizes the piRNAs it is
bound to. In piwi-MatKD F1 early embryos, the piRNA pool was reduced and several
dozen genes had a decreased likelihood of being targeted by piRNAs (Chapter 4).
Because piRNA targeting of an mRNA usually triggers the cleavage of that target into
new piRNAs, the loss of these maternal piRNAs would certainly shape the zygotic
piRNA pool going forward. Indeed, the generation of zygotic piRNAs from maternal
piRNAs has been documented in B. mori223 and has been inferred in Drosophila in the
case of maternally-inherited piRNAs targeting individual transposons231-235. About 50% of
the piRNAs deposited into the early embryo have the capacity to bind non-transposon
mRNAs, and therefore can generate de novo piRNAs that also target non-transposon
mRNAs. Those zygotic piRNAs could be bound by maternal or zygotic Piwi or Aub,
which could then regulate gene expression in PGCs during embryogenesis.
Notably, the generation of zygotic piRNAs from maternal piRNAs relies on the
presence of zygotic mRNAs, and male and female embryos differ in zygotic gene
expression because of delayed dosage compensation early in embryogenesis274, 275 and
the activation of sex determination gene expression pathways starting in mid-oogenesis
(reviewed by Salz & Erickson264). This difference in gene expression means maternal
piRNAs would have different substrates in male embryos than in female embryos, which
could result in the production of somewhat different zygotic piRNAs between the sexes.
Examining the piRNA pool and transcriptome at different stages of embryogenesis – or
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even PGCs sorted from other embryonic cells276, or sorted male and female embryos277
– would provide insight into how maternally-deposited piRNAs shape the formation of
zygotic piRNAs, and how this affects gene expression throughout development.

Maternal Piwi may directly regulate gene expression in the F1 generation
Maternal Piwi is deposited into both the somatic and germline compartments of
the early embryo214, becomes mostly restricted to PGCs by mid-embryogenesis, and
persists in PGCs through the end of embryogenesis (Chapter 2). The mechanisms
governing Piwi’s preferential retention in P

s is unknown; Piwi might be selectively

degraded in the soma at the maternal-to-zygotic transition, or Piwi might be selectively
stabilized in the PGCs (perhaps by binding to piRNAs produced by piRNA biogenesis
machinery expressed in PGCs136), or some combination of these processes. Regardless
of the mechanism, maternal Piwi is present in and could directly function in PGCs.
Furthermore, at least by gonad coalescence, maternal Piwi is mostly nuclear. Piwi
generally regulates gene expression by recruiting transcriptional activators or repressors
to target genes in the nucleus, so its nuclear localization in PGCs at late stages of
embryogenesis supports the possibility that maternal Piwi could directly regulate gene
expression at these stages.
Intriguingly, our attempts to visualize maternal Piwi persistence in larval gonads
showed that no germ cells in third instar larval testes contained maternal Piwi, but germ
cells in about 20% of third instar larval ovaries contained maternal Piwi (Chapter 2). This
expression pattern not only suggests that maternal Piwi continues to persist to some
larval stages, but also suggests that maternal Piwi might preferentially persist and act in
the larval female germline – an intriguing parallel to the female-specific phenotype
caused by maternal Piwi depletion. A straightforward explanation for how maternal Piwi
represses male germline gene expression in female, but presumably not in male, germ
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cells could be that maternal Piwi is present in the female, but not the male, larval
germline. However, these experiments had small sample sizes and only looked at third
instar larvae. More systematic visualization of maternal Piwi in ovaries and testes at
earlier larval stages will be necessary to test this hypothesis.
How would maternal Piwi directly regulate PGC gene expression in embryonic or
larval stages? Piwi’s classic function is recruiting factors that deposit the repressive
epigenetic mark H3K9me3 to induce the formation of heterochromatin and therefore
suppress gene expression151, 155-157. This function has mainly been studied during
oogenesis, but has also been documented for maternal Piwi in embryogenesis: the
progeny of females heterozygous for a hypomorphic piwi allele develop normally but
have subtly eroded boundaries at heterochromatic regions of the genome217. With a
stronger depletion of maternal Piwi, like my piwi-MatKD system, maternal Piwi may be
revealed to be more broadly involved in the establishment of repressive epigenetic
marks at chromosome regions and specific genes in the genomes of progeny.
Maternal Piwi could regulate heterochromatin formation at its usual targets:
transposons. Several transposons are highly and dynamically expressed in embryonic
stages273, 278, 279 including in PGCs276, and it has been suggested that this high
expression actively participates in normal embryonic development. Nevertheless, the
inappropriate activation of some transposons specifically during embryogenesis can be
detrimental to germline development229. Notably, female PGCs are thought to be more
sensitive than male PGCs to fertility defects caused by the activation of P-element
transposons during embryogenesis280. It is possible that any transient activation of
transposons in late piwi-MatKD F1 embryos (which I did not detect, but also did not
systematically assay for) could relate to the female-specific subfertility in piwi-MatKD F1
adults. However, the phenotype we see in piwi-MatKD F1s – over-proliferation of female
PGCs in late embryogenesis (Chapter 4) and arrested ovaries from mid-oogenesis
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(Chapter 3) – differs from the phenotype resulting from P-element activation in PGCs –
PGC death in late embryogenesis and germline-less adult ovaries281. Furthermore, it is
unknown whether female and male PGCs have differential sensitivity to transposon
activation in general. The potential relationship between transposon activation and
female-specific subfertility in piwi-MatKD F1s remains unclear.
Alternatively, maternal Piwi could regulate heterochromatin formation at nontransposon genes, and perhaps specifically of genes that are involved in germline sex
determination. In fact, PIWI proteins and piRNAs repress key sex determination genes in
B. mori and C. elegans200, 270. The Jheh family of genes, which are expressed in male
but not female PGCs79, are a strong candidate for regulation by maternal Piwi in
Drosophila. In the early piwi-MatKD F1 embryo, piRNAs that are predicted to target the
Jheh genes were lost, while the expression of those genes was increased; this indicates
that maternal piRNAs repress the expression of Jheh genes. If maternal piRNAs and
Piwi can similarly repress Jheh genes in PGCs, Jheh genes might be derepressed in
piwi-MatKD F1 female embryonic gonads, contributing to their masculinization. True
targets of maternal Piwi can only confidently be identified using Crosslinking and
Immunoprecipitation techniques239 that capture piRNAs and mRNAs directly bound to
Piwi, in combination with sequencing total mRNAs to identify genes with changed
expression when Piwi levels are perturbed. Identifying maternal Piwi’s true target
mRNAs in PGCs at different stages of embryogenesis will be an important next step in
understanding how maternal Piwi promotes fertility of female progeny.

Final Remarks
To faithfully pass on genetic material to the next generation, germ cells must
guard their genomes from damage, protect their highly specialized cell fate, and retain
the ability to produce a fully totipotent embryo upon fertilization. Small noncoding RNAs
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and epigenetic modifiers, including components of the PIWI/piRNA pathway, have
emerged as major regulators of all three of these critical aspects of germline
development. Small noncoding RNAs and epigenetic modifications can also be inherited
maternally by the early embryo. The initial stages of germline development in Drosophila
have long been known to be under maternal control, since the identification of the
grandchildless class of genes that cause a failure of PGC specification and ultimately
result in sterile male and female progeny112, 282. My results expand our knowledge about
how maternal proteins, and in particular maternal PIWI proteins and piRNAs, also
contribute to germline development during embryogenesis and beyond.
The maternal effect of piwi-MatKD is remarkably long-lasting compared to other
known maternal effects. The fertility defects caused by piwi-MatKD can be described as
a grandchildless phenotype that is specific to female progeny, manifesting very subtly in
embryonic stages and only becoming pronounced in adulthood. Previous studies into
grandchildless phenotypes have mostly focused on maternal-effect mutations that cause
defects during early embryogenesis, such as the specification of PGCs283, 284. Other
studies have identified maternal-effect phenotypes that manifest in somewhat later PGC
processes, such as migration through the primordial midgut73, 285, 286 and survival during
migration71, 287. Few studies have examined maternal-effect phenotypes at late stages of
embryogenesis, let alone in larval or adult stages. But it is unlikely that maternal Piwi is
unique in its longevity and long-ranging ability to regulate germline development in
progeny. Extending the approaches I used to investigate maternal Piwi to other proteins
will undoubtedly reveal new developmental roles for maternal factors far beyond early
embryogenesis.
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Chapter 6: Materials and Methods
Fly Strains and Husbandry
All Drosophila stocks were raised on standard agar/molasses medium and raised
at 25°C for experiments. For all crosses involving UAS constructs and GAL4 constructs,
females contained the UAS constructs and males contained the GAL4 constructs. Two
anti-piwi-RNAi lines were used “Piwi RNAi #1,” which is BD

stock # 74

and

targets piwi exon , and “Piwi RNAi # ,” which was made in Ting Xie’s lab (called “T U”)
and targets piwi exon 2. Df(2L)ED761 and zucHM27 fly stocks were gifts from Trudi
Schupbach, and the Dfd-lacZ fly stock was a gift from Mark van Doren. See Appendix 1
for more details about these and other fly stocks.

Fertility Tests
For female fertility tests, individual virgin females were aged with two w1118 males
in individual vials for two days before beginning the fertility test. For each vial, the flies
were transferred to a new vial every 24 hours, and the number of eggs in the old vial
was counted within four hours of transferring the parents. If the female died during the
fertility test, the day of death was recorded and fertility data were omitted. If a male died
during the fertility test, it was replaced with another w1118 male.
For male fertility tests, each vial contained one male with three virgin w1118
females, vials were transferred every 24 hours, and the number of eggs in the old vial
were counted within 4 hours of transferring the parents. On alternating days, the three
females were replaced with three new virgin w1118 females. If a female or male died
during the fertility test, the day of death was recorded and fertility data were omitted.
For all fertility tests: Minimal yeast was added to vials to minimize nutritionrelated effects on fertility and to aid in visualization of eggs. Each vial was allowed to age
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until pupae began eclosing. Once pupae began eclosing, the number of adults were
counted every day until all were eclosed. Percentage of adults eclosed was calculated
as (# total adults) / (# embryos). Males and females were counted separately, and sex
ratios were calculated as (# female adults) / (# male adults). Percentage of adults
eclosed and sex ratios were only calculated for parents who laid at least 10 eggs. 17-22
total individuals of each genotype were tested across two experiments performed at
different times.

Immunostaining
Ovaries from 2-3 day old females were dissected in 1× PBS, then fixed for 20
minutes in fixative [0.5% (v/v) NP-40, 2% formaldehyde in PBS] at room temperature.
Ovaries were then washed in PBST (0.1% TritonX-100 in PBS) 3× for 15 minutes each,
then blocked in 5% normal goat serum in PBST (NGS) for one hour at room temperature
or overnight at 4°C. Blocking solution was replaced with primary antibody diluted in
NGS, and samples incubated overnight at 4°C. Ovaries were again washed at room
temperature in PBST 3× for 15 minutes each, and incubated in secondary antibody
diluted in NGS for four hours at room temperature or overnight at 4°C. Ovaries were
washed in PBST once, then incubated in DAPI diluted in PBST (1:5000) for 10 minutes
and mounted in Vectashield.
Testes from 1-4 day old males were dissected in 1× PBS, then fixed in testis
fixative (0.02% Triton-X-100, 2% formaldehyde in PBS) for 10 minutes, before being
washed 3× for 15 minutes each in PBST (0.1% Triton-X-100). From this point, testis
immunostaining proceeded as for ovaries above.
Embryos were collected on grape juice plates in embryo collection cages
containing around 100 females and 20 males, washed in saline solution (0.12 M NaCl,
0.03% Triton-X-100), dechorionated in 50% bleach for 2 minutes, and washed
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thoroughly in deionized water. Embryos were then transferred to 50% heptane and 50%
embryo fixation solution (1× PBS, 50 mM EGTA, 9.25% formaldehyde) and incubated for
10-20 minutes, rocking at room temperature. After removing fixative, embryos were
washed in ice-cold 100% methanol (MeOH) and shaken for 2 minutes. Embryos were
washed 3-4× in ice-cold 100% MeOH and either stored in MeOH at -20°C or
immediately rehydrated in PBST by sequentially replacing MeOH with a MeOH:PBST
series with increasing concentrations of PBST (5 minutes each in 70:30 MeOH:PBST,
50:50 MeOH:PBST, 30:70 MeOH:PBST, 100% PBST). Embryos were blocked in NGS
for 1 hour at room temperature or overnight at 4°C, and immunostaining proceeded as
described for ovaries above.
The third instar larval gonads were dissected in 1× PBS and fixed (100 mM
glutamic acid, 25 mM KCI, 20 mM MgSO4, 4 mM 4 mM Sodium Phosphate, 1mM MgCI2
and 4% paraformaldehyde) at room temperature for 40 min, then briefly washed in PBST
(PBS with 0.1% Triton X-100) and blocked with blocking buffer (PBST + 0.5% normal
goat serum) at room temperature for 30 min, followed by overnight incubation with
primary antibody at 4°C. From this point onwards, immunostaining proceeded as
described for ovaries above.
Samples were imaged using ZEISS Axio Imager2 or Leica TCS SP5 Spectral
Confocal Microscope on sequential scanning mode, and image adjustments were made
in ImageJ. See Appendix 2 for details about antibodies used for immunofluorescence.

Fluorescence in situ Hybridization
Ovaries from 2-3 day old females were dissected in 1× PBS, then fixed for 20
minutes in fixative [0.5% (v/v) NP-40, 3.7% formaldehyde in PBS] at room temperature.
Ovaries were then washed in PBST (0.1% TritonX-100 in PBS) 3× for 15 minutes each,
then blocked in 5% normal goat serum in PBST (NGS) for one hour at room temperature
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or overnight at 4°C. When ready for hybridization, ovaries were washed 3× 5 minutes
each in PBST, then incubated in a series of 100 µL each of 10%, 50%, 80%, and 100%
HB-B (50% formamide, 5× SSC, 0.1% Tween-20 in ddH2O), 10 minutes each, shaking at
room temperature. Ovaries were then incubated in 100 µL 100% HB-A (50% formamide,
5× SSC, 0.1% Tween- 0, 0.1% yeast tRNA, % Denhardt’s solution in ddH2O) at 42°C
overnight. Hybridization probes were diluted in HB-A, heated for five minutes at 80°C,
cooled on ice for three minutes, before replacing the HB-A the ovaries had been
incubating in. Hybridization probes were incubated at 42°C overnight. Ovaries were
washed 5× in HB-B, 30 minutes each, at 42°C, then in a series of 30%, 20%, and 10%
formamide diluted in PBST, 10 minutes each at room temperature, shaking. Ovaries
were then washed 3× five minutes each in PBST at room temperature, shaking, and
blocked in 5% NGS for one hour at room temperature, before being incubated with 100
µL of 1:200 anti-DIG Rhodamine antibody (Roche) overnight at 4°C. Ovaries were
stained with DAPI and imaged as described for immunofluorescence above.
Probes used for oskar Fluorescence in situ Hybridization were designed by
Sneha Mani 288, and amplified from her plasmid containing a 874 basepair fragment of
oskar flanked by a T7 promoter at the 5′ end, and a P promoter at the ′ end. ense
probes were amplified from the T7 promoter (F:
GGATCCTAATACGACTCACTATAGGT, R: TGCGCGCCATATTGCTGAGCCCA) and
Antisense probes were amplified from the SP6 promoter (F:
ATTTAGGTGACACTATAGAAGCGTGC, R: TGCAGGACGCGTTCGTGACGCCTAA).

Western Blotting
0-1.5 h embryos were collected on grape juice plates in embryo collection cages
containing about 100 females and 20 males. Embryos were washed with deionized
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water, dechorionated in 50% bleach for 1 minute, washed again thoroughly with
water, and transferred to MCB buffer [50 mM Hepes/NaOH (pH 7.5), 150 mM potassium
acetate, 2 mM magnesium acetate, 10% (v/v) glycerol, 1 mM DTT, 0.1% (v/v) Triton X100, 0.1% (v/v) NP-40, 1× protease inhibitor and 0.5% (v/v) beta-mercaptoethanol].
Sample was homogenized with a pestle, then centrifuged at 14000 g for 20 minutes
(4°C), and supernatant was transferred to a new tube. Approximately 50 µg of protein
sample, heat denatured with 6× SDS loading dye, was run on a 10% SDS-PAGE gel.
Proteins were transferred to a PVDF membrane, incubated with the appropriate primary
antibody at 4°C overnight, then detected with the appropriate HRP-labeled secondary
antibody. See Appendix 2 for details about antibodies used for Western Blotting.

RNA Immunoprecipitation
Before beginning ovary dissection, anti-GFP antibody (2 µg for every 10 flies)
was added to Dynabeads (ThermoFischer) (2 µL beads per 3 flies), rocking at 4°C,
shaking. Ovaries were extracted from 1-2 day old females in 1× PBS (about 60 pairs of
ovaries were used for each RNA IP), then transferred to H(0.15) buffer [25 mM HEPESNaOH, pH 8.0, 150 mM NaCl, 0.5 mM EGTA, 0.1 mM EDTA, 2 mM MgCl2, 0.02% NP40 and 20% glycerol, supplemented with 1x Complete Mini-EDTA free protease inhibitor
cocktail (Roche) and 2mM β-mercaptoethanol (Sigma)], and homogenized with a pestle.
Lysate was centrifuged at 15000 g for 30 minutes at 4°C, and the supernatant
transferred to a fresh 1.5 mL tube. 20 µL of Protein A/G beads were added to the lysate,
which was then incubated for one hour at 4°C, shaking. Cleared lysate was centrifuged
at 1000 g for 3 minutes at 4°C, and supernatant was transferred to a new tube. 10% of
this was reserved for RNA extraction as input. Beads were prepared for IP by being
concentrated with a magnetic tube holder, and the supernatant (unbound antibody)
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replaced with 40 µL H(0.15) buffer. This 40 µL of beads in H(0.15) was then incubated
with the cell lysate for one hour at 4°C, rocking. After incubation, the whole IP mixture
was transferred to new tubes, and washed four times in 450 µL H(0.3) buffer [25 mM
HEPES-NaOH, pH 8.0, 300 mM NaCl, 0.5 mM EGTA, 0.1 mM EDTA, 2 mM MgCl2,
0.02% NP-40 and 20% glycerol) supplemented with 1x Complete Mini-EDTA free
protease inhibitor cocktail (Roche) and mM β-mercaptoethanol (Sigma)], with 10
minutes between each wash. After each wash, beads were resuspended by inversion,
not pipetting. After the fourth wash, beads were resuspended in 50 µL H(0.3) and
transferred to a new tube. Beads and input sample were then prepared for RNA
extraction as described below or Western blotting as described above.

RNA extraction and RT-PCR
Ovaries were extracted from 1-2 day old females in 1× PBS, then transferred to
TRIzol (Ambion); RNA was extracted following manufacturer’s instructions. 6-8 pairs of
ovaries were grouped together for each sample. 0-1.5 h embryos were collected as for
Western Blotting above and transferred to 1× PBST. PBST was replaced with TRIzol;
RNA was extracted following manufacturer’s instructions.
2 µg of total RNA was used for reverse transcription using MultiScribe
(ThermoFischer) following manufacturer’s instructions, and diluted 5× before quantitative
PCR. For quantitative PCR, genes of interest were amplified using iTaq Universal SYBR
Green (BioRad) using manufacturer’s recommended conditions, on a BioRad FX
Real-Time machine. All primer sets used for qPCR were confirmed to have amplification
efficiency of 80-110%.

ene expression was calculated using the ΔΔ

T

method, using

act5C as the housekeeping gene and using GFP-MatKD as the control, unless otherwise
specified. For non-quantitative PCR, genes of interest were amplified using GoTaq
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Green Master Mix (Promega) with the following reaction conditions: 95°C 120s, 25×
(95°C 30s, 55°C 30s, 72°C 60s), 72°C 300s. See Appendix 3 for primer sequences.

Total RN

5′ Radiolabeling and Visualization

After extraction of total RNA from adult ovaries (described above), RNA samples
and custom RNA ladder (20 nt + 30 nt + 70 nt) were dephosphorylated using
recombinant Shrimp Alkaline Phosphatase: 1 µL 10× dephosphorylation buffer + 1 µL
rSAP + 5 µL RNA + 6.5 µL nuclease-free water were mixed in 1.5 mL tubes, which were
covered in parafilm and incubated at 37 C for one hour. RNA was then re-purified to
remove Shrimp Alkaline Phosphatase using Trizol, as described above. Free P32-ATP
was cleared from the sample using Roche mini Quick Spin columns according to
manufacturer’s instructions. The RNA ladder was diluted to approximately normalize to
the number of counts in the samples.
Radiolabeled RNA was run on a large 15% TBE-Urea gel that had been prerunning at 230 V for at least one hour; samples and ladder were run at 230 V until the
lower dye front, which should run around 20 bp, was one inch from the bottom of the gel
(approximately 2.5 hours). After disassembly, the gel was placed on filter paper,
wrapped in plastic wrap, and exposed on a phosphor screen for at least 30 minutes.
Signal on the phosphor screen was detected using a Typhoon Trio Variable Mode
Imager.

Small RNA Extraction, Library Preparation, and Sequencing
For Small RNA-Seq, 20 µg of total RNA from 0-1.5 h embryos was run for 3.5
hours on a 15% polyacrylamide gel that had been pre-running in 1× TBE for at least one
hour. RNA was visualized by incubating the gel in Diamond Dye (Promega) and the 2029 nt area of the gel was cut out for purification. 20 nt / 30 nt / 70 nt RNA ladder was
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custom made. RNA was purified by fragmenting the gel piece and incubating fragments
in AES buffer [300 mM NaAc, 2 mM EDTA 0.1% (w/v) SDS] overnight at room
temperature. Supernatant was transferred to precipitation buffer [0.3 M NaAc, 90%
ethanol (EtOH), 1 µl glycoblue (ThermoFischer)] and incubated on ice for one hour. RNA
was then centrifuged at 13000 g for 30 minutes, washed in 70% EtOH, resuspended in
10 µl nuclease-free H2O, and stored at -80°C. 5 µL (approximately 75 ng RNA) was used
for library preparation.
Total RNA purified by TRIzol was used for library preparation for RNA-Seq. For
both total RNA-Seq and Small RNA-Seq, three replicates of each sample were collected
and analyzed. Sequencing libraries were prepared according to the Illumina TruSeq
Small RNA Library Prep Kit or Illumina TruSeq Stranded mRNA Library prep protocols.
All sequencing data were generated on a HiSeq2000 at the Yale Stem Cell Center
Genomics Core and sequencing quality was assessed using FastQC289.

Bioinformatics Analysis
For Total RNA-Seq: reads were mapped to D. melanogaster Berkeley Drosophila
Genome Project (BDGP) release 6 using STAR 290, and counted at transposable
element and gene features, defined by gene annotation in BDGP6.28, using TETools253.
Expression level changes between experimental and control samples were calculated
using DESeq2291 with standard parameters. For each RNAi line, genes which were
differentially expressed >1.5-fold (compared to GFP-MatKD) with a significance padjusted <0.05 were considered to be differentially expressed. Gene Ontology analysis
was performed as a PANTHER Overrepresentation Test using GO database released
2020-03-23 (doi: 10.5281/zenodo.3727280). Descriptive statistics for RNA-seq are listed
in Appendix 4.
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For Small RNA-seq in Chapter 2, from previously published data: Adapter
sequence for each respective Small RNA-seq library was identified using FastQC, and
trimmed from reads using CutAdapt. Reads were then mapped to the Drosophila
genome (dm6) using Bowtie 1.2.2292, only allowing perfect matches. Locations of
mapped reads were visualized in the Integrated Genome Viewer293.
For Small RNA-Seq in Chapter 4, sequenced for this project: Adapter sequence
(TGGAATTCTCGGGTGCCAAGG) was trimmed from reads using CutAdapt. rRNA,
miRNA, tRNA, and siRNA (according to FlyBase annotation, and including exogenous
siRNAs being expressed by our RNAi lines: TTGTAGTTGTACTCCAGCTTG for GFP
RNAi, TTGATTTCGGAGTTTGTCCAA for Piwi RNAi #1, and
TTCGTCTGCAGCATGACCGGGG for Piwi RNAi #2) were filtered out, and remaining
sequences were then mapped to the Drosophila genome using Bowtie1.2.2 292 to create
the list of putative piRNAs. Nucleotide composition and read length were determined
using FastQC289. To identify putative piRNA target genes on non-transposon mRNAs,
these putative piRNAs were mapped using Bowtie1.2.2 292 to the transcribed sequences
(BDGP sequence release 6, annotation release 25; dmel-all-gene-r6.26.fasta retrieved
from FlyBase) of all D. melanogastar genes, excluding transposons. Mapping required
the piRNA read to be antisense to the mRNA and allowed up to 2 mismatches in the first
24 nucleotides. Featurecounts294 was used to count the number of piRNA reads that
aligned to each mRNA, weighted for the number of mapping locations for each read: this
count is referred to as “piRNA targetability.” Targetability level changes between
experimental and control samples was calculated using DESeq2291 with standard
parameters. For each RNAi line, genes which were differentially targetable >1.5-fold
(compared to GFP-MatKD) with a significance p-adjusted <0.05 were considered to be
differentially targetable. Full scripts for piRNA target analysis available in Appendix 6,
and descriptive statistics for small RNA-seq are listed in Appendix 5.
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Appendix 1: Fly Lines
Name in this
study

Genotype

Source

Act-gal4

y[1] w[*]; P{w[+mC]=Act5CGAL4}17bFO1/TM6B, Tb[1]

BDSC: 3954

Df(2L)ED761

w[1118]; Df(2L)ED761,
P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED761/
SM6a

BDSC: 24109

Dfd-lacZ

P{Dfd-lacZ-HZ2.7};+;ry[506]

Dr. Mark van Doren
(PMID: 1979945)

GFP-shRNA

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]
v[+t1.8]=VALIUM22-EGFP.shRNA.4}attP40

BDSC: 41550

MAT-gal4

w[*]; P{w[+mC]=matalpha4-GAL-VP16}V2H

BDSC:7062

myc-piwi

w[1118]; Sco/Cyo; myc-Piwi(WTA),w+/mycPiwi(WTA),w+

Dr. Haifan Lin’s Lab
(PMID: 23297219)

Nos-gal4

P{w[+mC]=UAS-Dcr-2.D, w[1118];
P{w[+mC]=GAL4-nos.NGT}40

BDSC: 25751

Piwi-shRNA #1

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]
v[+t1.8]=TRiP.GL00626}attP40

BDSC:37483

Piwi-shRNA #2

w[*]; M{TRiP.HMS00606}; +

UASp-GFP

w[*]; M{w[+mC]=UASp-myr.mGFP6}ZH86Fb/TM6B, Tb[1]

Dr. Ting Xie
(PMID: 24658126,
Flybase:
M{TRiP.HMS00606})
BDSC: 58720

UASp-Jheh3

y[1] w[67c23]; P{w[+mC]
y[+mDint2]=EPgy2}Jheh3[EY09329]

BDSC: 16933

UASp-Jheh3RNAi

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]
v[+t1.8]=TRiP.HMC05013}attP2/TM3, Sb[1]

BDSC: 60021

zfh2-gal4

w[1118]; P{y[+t7.7] w[+mC]=GMR73G07GAL4}attP2

BDSC: 392829

zucHM27

w[1118]; zuc[HM27]/Cyo

Dr. Trudi Schupbach
(PMID: 17543859)
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Appendix 2: Antibodies
Antigen (Host species)

Source

Dilution

GAPDH (mouse)

Sigma Aldrich (G9545)

1:1000 (WB)

GFP (rabbit)

Abcam (ab290)

1:5000 (WB)

lacZ (mouse)

Developmental Studies
Hybridoma Bank (40-1a)

1:50 (IF embryo)

Myc (mouse)

Cell Signalling (9B11)

1:5000 dilution (IF embryos),
1:1000 (IF larval gonads)

Oskar (rabbit)

Dr. Paul MacDonald

1:100 (IF)

Piwi (“4 5”) (mouse)

Dr. Haifan Lin's Lab
(PMID: 26119740)

1:1000 (WB), 1:6000 (IF ovary),
1:100 (IF testis)

Vasa (rat, IgM)

Developmental Studies
Hybridoma Bank
(AB_760351)
ThermoFisher Scientific

1:40 (IF embryos), 1:20 (IF ovary),
1:40 (IF testis)

goat anti-mouse IgG, Alexa
Fluor® 568

ThermoFisher Scientific

1:500

goat anti-mouse IgG, Alexa
Fluor® 680

ThermoFisher Scientific

1:500

goat anti-rat IgM, Alexa
Fluor® 488

ThermoFisher Scientific

1:500

Goat anti-Mouse IgG (H+L)
Secondary Antibody, HRP

Invitrogen

1:5000

Goat anti-Rabbit IgG (H+L)
Secondary Antibody, HRP

Invitrogen

1:10000

goat anti-mouse IgG, Alexa
Fluor® 488
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1:500

Appendix 3: Primer Sequences
Name

Sequence

Notes

act5C_qF

GAAGAAGTTGCTGCTCTGGTTG

act5C_qR

GAGCATCGTCTCCGGCAAATC

β-Tub_qF

TGTCGCGTGTGAAACACTTC

reference gene; also
used in nonquantitative RT-PCR
reference gene; also
used in nonquantitative RT-PCR
negative control

β-Tub_qR

AGCAGGCGTTTCCAATCTG

negative control

rp49 _qF

CCGCTTCAAGGGACAGTATCTG

negative control

rp49_qR

ATCTCGCCGCAGTAAACGC

negative control

gurken_qF

GCACATCGTCTTCTCCTTTCCCG

gurken_qR

TAAATCTCAGCATCTGACAAAAAAGCGC

bicoid_qF

CCCTTCGATTTGCTTTTCGATGA

bicoid_qR

GCAGCTCCTCTGAGGGAAAG

dorsal_qF

GAGCTCGAAGGTGTCCGATT

dorsal_qR

GCTCCATTGTTCTGGTTCGG

nanos_qF

CCACTGTGTCCACCAATCTCGG

nanos_qR

AGTGGCGGCTGATCTCTTTGG

oskar_qF

GCACCGCTGGGCAACTATTG

oskar_qR

GCGTGGTGAGGCCTGAAAGC

cyclinB_qF

ACAACTCCGCACTCGACTTG

axis determination
mRNA
axis determination
mRNA
axis determination
mRNA
axis determination
mRNA
axis determination
mRNA
axis determination
mRNA
axis determination
mRNA
axis determination
mRNA
axis determination,
germ plasm mRNA
axis determination,
germ plasm mRNA
germ plasm mRNA

cyclinB_qR

ACACTCATCTCATCGCCACG

germ plasm mRNA

gypsy_qF

GTTGAGGCAAGGATTGGAAA

transposon

gypsy_qR

TAAGCAGGTCAGCACCCTCT

transposon

Gypsy2_qF

TATTCGTTCGCGATGCGGTA

transposon

Gypsy2_qR

GCCCTGTTCAAACAGCCATC

transposon
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Gypsy12_qF

TGAGTCAAGTTGTGGAAGTGCGTTTTGT

transposon

Gypsy12_qR

GCCACACGACGATCTTTTCGGCTAA

transposon

TAHRE_qF

TTTTTGTTAGAGAGCGAGAGAGCGAAG

transposon

TAHRE_qR

CGTTAAGGCAATGCAAAACAAGAATTT

transposon

TART_qF

AACCGATCTACAATTTCCATGACGACT

transposon

TART_qR

CTTCTACCCTCATCGGTAGATGTTTGC

transposon

Het-A_qF

CGCGCGGAACCCATCTTCAGA

Het-A_qR

CGCCGCAGTCGTTTGGTGAGT

HMS Beagle_qF

AATGCCCTTGTCGGACACGA

HMS Beagle_qR

TGATGAAACACATTACCAGAACCTTGA

ZAM_qF

CTACGAAATGGCAAGATTAATTCCACTTCC

ZAM_qR

CCCGTTTCCTTTATGTCGCAGTAGCT

Tabor_qF

ACGTTGTTCACGACATTAGCCG

Tabor_qR

GGGTTGGTTCGGATCTGACG

Piwi_qF

TTGTCCAATCATGCTAACCTTCTGGGAT

Piwi_qR

CTTATTTCGATCTTAGCTCGGGGATC

Jheh2_qF

GGATGGTCTCAGGGCTCTTC

Jheh2_qR

TATGGAACCCCAATCGCCAC

Jheh3_qF

CTACGGATGGTCCGATGCTG

Jheh3_qR

ATGATGCTGCCCCAATCTCC

Jheh_Bari_genF

AGGGAGCCATCATTGTAATAGCG

transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
transposon; from
PMID: 28457744
also used in nonquantitative RT-PCR
also used in nonquantitative RT-PCR
Jheh gene regulated
by piRNA
Jheh gene regulated
by piRNA
Jheh gene regulated
by piRNA
Jheh gene regulated
by piRNA
genotyping Jheh-Bari

Jheh_Bari_genR

TTGTTGGCTTGTGGATTTCAAGT

genotyping Jheh-Bari

Jheh_Bari_genFL

CCTACACGGCGAGAAGAGAAAAT

genotyping Jheh-Bari

Aly_qF

ACTTGGCAAGAGATTGTACAATTTCCTG

testis-specific gene

Aly_qR

GGCATGAAGCAAGAGTGCAG

testis-specific gene

108

Topi_qF

AATCGGTCTTTCATGGATCTCGTTCC

testis-specific gene

Topi_qR

CGGCTTCGCTTCACAGGAAT

testis-specific gene

Boule_qF

CAGAAAAGAGCTAGAAGTACATCCAACG

testis-specific gene

Boule_qR

TACGGCGGAGGTTGTTGTTT

testis-specific gene

Mst87F_qF

CGGGTGCAATGAACACATGA

testis-specific gene

Mst87F_qR

GGGTCCGCAGCACATGATTA

testis-specific gene

fzo_qF

TCCCAGCACAAATAGGCCAG

testis-specific gene

fzo_qR

GCGATCGGAAGCCCAATTTC

testis-specific gene

Gdl_qF

GCGAACACTAGTGAGGCAGT

testis-specific gene

Gdl_qR

CGTGTCTGCAAGTTTTCGGG

testis-specific gene

Phf7_tot_qF

GAGCTGATCTTCGGCACTGT

from PMID: 32816970

Phf7_tot_qR

GCTTCGATGTCCTCCTTGAG

from PMID: 32816970

Phf7_RC_qF

AGTTCGGGAATTCAACGCTT

Phf7_RC_qR

GAGATAGCCCTGCAGCCA

Sxl_qF

ACAAGCGGCTTAAGGTTTCCT

testis-specific isoform;
from PMID: 32816970
testis-specific isoform;
from PMID: 32816970
ovary-specific gene

Sxl_qR

GGAACCGTACTTGCCGAAGA

ovary-specific gene

Ovo_qF

GAGCGCAGAGCCAAGATGTA

ovary-specific gene

Ovo_qR

AAGTGCCGCTTGTCGTAGAA

ovary-specific gene

Otu_qF

CCAGCTGCTAGATGATGGTATCT

ovary-specific gene

Otu_qR

ATGGAGCGATTCATACGGGA

ovary-specific gene

Hmdg_qF

AATCCCGGCATCAAGGTCAC

ovary-specific gene

Hmdg_qR

CTTGGCCTCCCACTCAGACT

ovary-specific gene

Scrib_qF

CGGGACTTGCCCAAGAATTT

ovary-specific gene

Scrib_qR

TCATTGCGTGAAACGTCGAG

ovary-specific gene

Brat_qF

ACCGACGGCACTTACAACAT

ovary-specific gene
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Brat_qR

ATAGATAGCCGGCGTGTTCG

ovary-specific gene

myc_F

ATGGAGCAAAAGCTTATTAGCGAGGAAGATC

Piwi_R

GGGCTCAGCACAGGATATGA

non-quantitative RTPCR
non-quantitative RTPCR
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Appendix 4: MatKD 0-1.5h Embryo RNA-seq Descriptive
Statistics
Total #
Reads

# Uniquely
Mapped
Reads

%
Uniquely
Mapped
Reads

Number
MultiMapped
Reads

% MultiMapped
Reads

GFP-MatKD rep1

47375127

44763764

94.49%

1156623

2.44%

GFP-MatKD rep2

34895487

32694270

93.69%

1138630

3.26%

GFP-MatKD rep3

17515312

16418018

93.74%

407116

2.32%

piwi-MatKD #1 rep1

20912949

20117251

96.20%

386703

1.85%

piwi-MatKD #1 rep2

64693508

60860240

94.07%

1308064

2.02%

piwi-MatKD #1 rep3

41342167

38564174

93.28%

931481

2.25%

piwi-MatKD #2 rep1

12303735

8150556

66.24%

3756240

30.53%

piwi-MatKD #2 rep2

79009015

72548594

91.82%

1913042

2.42%

piwi-MatKD #2 rep3

34815729

19483548

55.96%

12961436

37.23%
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Appendix 5: MatKD 0-1.5 h Embryo Small RNA-seq Descriptive
Statistics
Total #
Reads

# piRNA
reads*

% of
total
reads
that are
piRNAs

Aligned
antisense to
non-TE
genes
(“targeting”)

Number of
Targeting
Alignment
Records

2947223

% of
piRNAs
that
align to
a nonTE
target
50.91

GFP-MatKD rep1

19654415

5789114

29.45

GFP-MatKD rep2

20630140

6331070

30.69

3175830

50.16

31118142

GFP-MatKD rep3

17765806

5350755

30.12

2861904

53.49

28736090

piwi-MatKD #1
rep1

22130757

5377730

24.3

2670623

49.66

27355789

piwi-MatKD #1
rep2

17965708

4501589

25.06

2342525

52.04

24612194

piwi-MatKD #1
rep3

21577209

4760424

22.06

2287911

48.06

22536160

piwi-MatKD #2
rep1

13837789

3335564

24.1

1879529

56.35

19917472

piwi-MatKD #2
rep2

15575360

4141628

26.59

1980495

47.82

20206259

piwi-MatKD #2
rep3

20860692

6371255

30.54

3377382

53.01

34902350

29986375

*piRNAs defined as: not rRNA, miRNA, or siRNA; aligned to the Drosophila genome
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Appendix 6: Scripts for piRNA Targeting Analysis
Script 1: Create list of putative piRNA sequences from total Small RNA-seq
module load Bowtie/1.2.2
#map to rRNA, tRNA, siRNA
#remaining sequences are miRNAs and piRNAs
bowtie …/genomes/dm /ncrna -v 1 -a 41550_rep1_R1.trimfilt.fastq.gz
41550_rep1_R1_ncrna.map --un 41550_rep1_R1_mipirna.map
#map to hairpin (miRNAs)
#remaining sequences are putative piRNAs
bowtie …/genomes/dm /hairpin -v 1 -a 41550_rep1_R1_mipirna.map
41550_rep1_R1_hairpin.map --un 41550_rep1_R1_nomirna.fa
#map to genome
#only require one mapping site, can be multimapping
bowtie …/genomes/dm /genome -S -n 1 -k 1
41550_rep1_R1_nomirna.fa>41550_rep1.pirna.sam
Script 2: piRNA target analysis
module load Bowtie/1.2.2
module load GitPython/2.1.11-foss-2018b-Python-3.7.0
module load Subread/2.0.0-GCC-7.3.0-2.30
#aligns piRNAs to the transcriptome: antisense, allowing 3 mismatches in first 24
nucleotides, report all targets
#"41550_rep1_pirna.fq" is the list of piRNAs that align anywhere in the genome for that
replicate
#this will find all targets (-a) that are reverse-complementary to genes (--nofw)
#with up to 2 mismatches (-v 2) in the first 24 nucleotides (-l 24)
bowtie …/dm genes -v 2 -a --nofw -l 24 - …/41550 rep1 pirna.fq.gz
>41550_rep1_pirna_targets.sam
#adding "NH" tag to all alignment records in the SAM file
#so featureCounts can assign weighted counts based on the number of times a
particular piRNA read aligned within the transcriptome
python …/N

insert v .py 41550 rep1 pirna targets.sam

#counting reads at each feature
#-M says count multi-mapping reads
#--fraction says weight those reads based on how many sites they map to (so weight as
1/x, where x is the number of mapping locations)
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#-F GTF specifies that it'll take an GTF file
#-a specifies the annotation file (GTF)
#-o specifies the output file
featureCounts -M --fraction -F GTF -a dmel.GTF.txt -o 41550_rep1.wtargetsfrac.counts
41550_rep1_pirna_targets_NH_v2.sam
Script 3: Python script (“NH_insert_v2.py” above) for calculating and adding NH
flag, to indicate the number of alignments for each piRNA read.
#!/usr/bin/env python3
import time
t0 = time.perf_counter()
import sys
input = sys.argv
input_len = len(input)
input_filename = ''
output_filename = ''
print('''
-----------------------------------------------------------------------XM:i:(n) to NH:i:(n-1) conversion,
ver1.2
written by Nils Neuenkirchen, PhD
04/02/2020
-----------------------------------------------------------------------Command line entry:
python NH_insert.py FILENAME
-----------------------------------------------------------------------Input example:
K00175:212:HC2KCBBXY:2:2228:29376:49230 16
FBgn0250816 57306 255
25M *
0
0
ACTTCAGCACTCATCTCATTAATAA
JJJJJJJJJJJJJJJJJJJJFFFAA
XA:i:1 MD:Z:18G6
NM:i:1 XM:i:7
Output example:
K00175:212:HC2KCBBXY:2:2228:29376:49230 16
FBgn0250816 57306 255
25M *
0
0
ACTTCAGCACTCATCTCATTAATAA
JJJJJJJJJJJJJJJJJJJJFFFAA
XA:i:1 MD:Z:18G6
NM:i:1 XM:i:7 NH:i:6
------------------------------------------------------------------------''')
# Checking input file in command line
if input_len == 2:
input_filename = str(input[1])
print('Loading file: ' + input_filename)
output_filename = input_filename[:-4] + '_NH_v2' + input_filename[-4:]
print('Output file: ' + output_filename)
print('------------------------------------------------------------------------')
else:
print("Please enter file name\npython NH_insert.py FILENAME")
print('------------------------------------------------------------------------')
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sys.exit() # exits script immediately if too few or to many arguments are given
# Fast approach
# Reads file, processes each line, and immediately writes it into new file
# 1) reads every line
# 2) only if the line contains XM:i:, and additional value of NH:i:(n-1) is added
# 3) any other lines are just returns are is
output = open(output_filename, 'w')
with open(input[1]) as my_file:
for line in my_file:
if line.count('XM:i:') == 1:
output.write(line[:-1] + '\tNH:i:' + str(int(line[line.find('XM:i:')+5:-1])-1) + '\n')
else:
output.write(line)
output.close()
print('\nDone...')
t1 = time.perf_counter()
print(f'Running time: {t1-t0} seconds')
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